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Summary 
Summary 
Combustion is an important way for bio-energy production. Suspension-firing boilers, also 
called pulverized fuel combustion boilers (PF-boilers) are increasingly used for production 
of power and heat from biomass. Combustion of biomass in suspension-fired boilers can 
produce renewable, CO2-neutral electricity with a higher electrical efficiency compared with 
that of grate-fired boilers. However, during the combustion of biomass, significant amount 
of K-species are released to gas phase in the boiler chamber, as KOH, KCl and K2SO4, 
consequently leading to deposit formation, corrosion as well as de-activation of SCR 
(Selective Catalytic Reduction) catalysts. One option to tackle these ash-related problems is 
to use additives to capture gaseous alkali species in flue gas. Kaolin and coal fly ash are two 
effective Al-Si based additives to capture alkali species. The mechanisms and kinetics of 
alkali capture by kaolin and coal fly ash have previously been investigated in several studies 
published in the open literature. However, most of these studies were conducted in fixed 
bed reactors where kaolin or coal fly ash pellets or flakes were utilized. In suspension fired 
boilers, kaolin and coal fly ash particles are well dispersed in flue gas, with a total residence 
time of a few seconds and the controlling mechanisms could be considerably different from 
that in fixed bed reactors. In this Ph.D. project, the reaction between gaseous potassium 
species (KOH, K2CO3, KCl and K2SO4) and different Al-Si based additives (kaolin, mullite 
and coal fly ash) under well-controlled suspension-fired conditions was investigated by 
performing experiments in the DTU entrained flow reactor (EFR). The K-capture level of 
additives CK (g K/(g additive)) and K-conversion XK (%) were quantified by analyzing the 
solid products (CK is the mass of potassium captured by 1 g of additive; XK is the percentage 
of fed potassium captured by additive). The impact of different parameters, such as K-
concentration in flue gas (50-1000 ppmv), molar ratio of K/(Al+Si) in reactants (0.048-
0.961), reaction temperature (800-1450 °C), gas residence time (0.6-1.9 s), additive particle 
size as well as the type of coal fly ashes on the K-capture reaction was studied. 
Corresponding equilibrium calculations were carried out using the equilibrium module of 
FactSage 7.0, to shed light upon how far the EFR reaction system is from the equilibrium 
and provide information for understanding the EFR experimental results.  
The results of the K-capture experiments using kaolin at 1100 °C or 1300 °C showed that for 
all the four K-species, KOH, K2CO3, KCl and K2SO4, the K-capture level (CK) increased 
considerably when the K-concentration in the flue gas changed from 50 ppmv to 500 ppmv 
(molar ratio of K/(Al+Si) in reactants varied from 0.048 to 0.481). However, no obvious 
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increase of CK was observed when the K-concentration increased further to 750 ppmv and 
1000 ppmv (molar ratio of K/(Al+Si) in reactants was 0.721 and 0.961). This is probably 
because all kaolin Si has been consumed forming K-aluminosilicates at 500 ppmv.  
Results of K-capture experiments using kaolin at different temperatures show that, for KOH, 
KCl and K2CO3, the K-capture level (CK) and K-conversion (XK) by kaolin generally followed 
the equilibrium predictions at 1100 °C and above, when using a kaolin particle size of D50 = 
5.47 μm and a gas residence time of 1.2 s. This reveals that a nearly full conversion of kaolin 
to K-aluminosilicates was achieved without kinetic or diffusion limitations under the 
applied conditions. At 800 °C and 900 °C, the measured conversions were lower than the 
equilibrium predictions, indicating that the reactions were either kinetically or diffusion 
controlled. For K2SO4, the measured CK was obviously lower than the equilibrium 
predictions. Kaliophilite (KAlSiO4) was predicted by the equilibrium calculations; however, 
the XRD analysis results revealed that leucite (KAlSi2O6) was actually formed.  
Results of KOH capture experiments by kaolin of different particle sizes showed that, fine 
kaolin powder (D50 = 3.51 μm) and normal kaolin powder (D50 = 5.47 μm) behaved similarly, 
while coarse kaolin (D50 = 13.48 μm) showed a smaller K-capture level (CK) at 1100 and 
1300 °C. This is probably because KOH diffusion into the kaolin particles became a limiting 
factor for the coarse kaolin at 1100 °C and above. At 900 °C the difference was smaller, 
probably because the reaction is more kinetically controlled and the additive particle size 
did not influence the reaction significantly at 900 °C.  
Results of KOH capture by kaolin at different residence times showed that the K-capture 
reaction reached equilibrium at 1300 and 1450 °C, with a gas residence time of 1.2 s and a 
kaolin particle size of D50 = 5.47 μm. However, at 800 °C, CK is obviously far away from the 
equilibrium even with a longer residence time of 1.9 s, showing that the reaction is more 
kinetically or diffusion controlled. Similar results were observed for KCl capture by kaolin. 
Results of K-capture experiments by kaolin using different K-species show that, for KOH 
and K2CO3, leucite (KAlSi2O6) was formed at low K-concentration of 250 ppmv, while at 
higher K-concentration (500-1000 ppmv), kaliophilite (KAlSiO4) was detected in the 
products. But in the experiments with KCl and K2SO4, only leucite (KAlSi2O6) was detected 
by XRD analysis. Another difference was that the CK of K2CO3 was comparable to that of 
KOH, while CK of KCl and K2SO4 by kaolin were both relatively lower. 
The results of K-capture experiments using coal fly ash showed that the behaviors of the 
studied four K-species were similar to what was observed when using kaolin. CK and XK 
Summary 
v 
increased when K-concentration increased from 50 ppmv to 500 ppmv (molar ratio of 
K/(Al+Si) in reactants varied from 0.048 to 0.481), and they did not increase further at K-
concentration of 750 ppmv and 1000 ppmv (molar ratio of K/(Al+Si) in reactants was 0.721 
and 0.961). One difference observed was that at 250 ppmv K and above, the measured CK 
and XK of coal fly ash was lower than the equilibrium predictions. In addition, compared 
with kaolin, although the types of formed K-aluminosilicates agreed with that of kaolin, coal 
fly ash captured the K-species less effectively at a K-concentration higher than 250 ppmv 
(molar ratio of K/(Al+Si) in reactants changed from 0.240 to 0.961). 
Results of K-capture experiments by coal fly ash at different temperatures showed that, at 
800 °C, the KOH-capture reaction was kinetically controlled. At 900-1300 °C, the reaction 
was both diffusion and kinetically influenced. At 1450 °C the reaction was equilibrium and 
diffusion influence. Results of 500 ppmv KOH capture by coal fly ash (with a molar ratio 
K/(Al+Si) = 0.481 in the reactants) showed that, CK of coal fly ash generally increased when 
the temperature increased from 800 °C to 1450 °C, but the CK of coal fly ash was lower than 
that of kaolin through the whole temperature range studied. At 50 ppmv KOH (K/(Al+Si) = 
0.048) which is comparable to the K-concentration under practical full-scale wood 
combustion conditions, CK of the coal fly ash was comparable both to the equilibrium data 
and to the CK of kaolin. Results on CK of KOH-capture by coal fly ash of different particle 
sizes showed that decreasing the coal fly ash particle size could increase the K-capture level. 
Comparison of KOH-capture by kaolin, mullite and coal fly ashes at 500 ppmv KOH showed 
that kaolin is the most effective additive for alkali capture followed by mullite and coal fly 
ashes. However, no obvious difference was observed between the three additives at 50 ppmv 
KOH. In addition, when the reaction temperature was varied from 800 to 1450 °C, CK of 
kaolin firstly increased then decreased, reaching peak at 1300 °C. CK of mullite and coal fly 
generally increased with increasing temperatures from 800 to 1450 °C. 
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Dansk Resume  
Dansk Resumé 
Suspension-fyrede kedler (også kaldet pulverfyrede kedler) bruges i stigende grad til 
produktion af kraft og varme fra biomasse. Forbrænding af biomasse producerer vedvarende 
CO2-neutral elektricitet med højere elektrisk effektivitet end ristfyrede kedler. Under 
forbrænding af biomasse frigives signifikante mængder af K forbindelser i from af KOH, KCl 
og K2SO4 til gasfasen i fyrrummet, hvilket fører til askebelægningsdannelse, korrosion såvel 
som deaktivering af SCR (Selektiv Katalytisk Reduktion) katalysatorer. En mulighed for at 
takle disse aske-relaterede problemer er at bruge additiver til at reagere de gasformige 
alkalispecier. Kaolin og kul flyveaske er to effektive Al-Si-baserede additiver til der kan 
reagere med alkali og binde den i stoffer med et højt smeltepunkt. Mekanismerne og 
kinetikken af alkaliindfangning med kaolin og kul flyveaske er tidligere blevet undersøgt i og 
er beskrevet i den åbne litteratur. Imidlertid blev de fleste af disse undersøgelser udført i 
fixed bed reaktorer, hvor kaolin eller kul flyveaskepiller eller flager blev anvendt. I 
suspensionsfyrede kedler er kaolin og kulflyveaskepartikler godt dispergeret i røggassen 
med en samlet opholdstid på få sekunder, og de styrende mekanismer kan derfor være 
væsentligt anderledes end i fixed bed reaktorer. 
I dette Ph.d. projekt blev reaktionen mellem gasformige kaliumspecier (KOH, K2CO3, KCl og 
K2SO4) og forskellige Al-Si-baserede additiver (kaolin, mullit og kul flyveaske) 
eksperimentelt undersøgt under velkontrollerede suspensionsforbrændingsbetingelser i 
DTU’s entrained flowreaktor (EFR). K-indfangningsevne for additiverne CK (g K/(g additiv)) 
og K-konverterings graden XK (%) blev kvantificeret ved analyse af de faste produkter (CK er 
massen af kalium bundet af 1 g additiv, XK er procentdelen af indført kalium indbundet af 
additivet). Indflydelsen på K-indfangningsreaktionen af forskellige parametre, såsom K-
koncentration i røggas (50-1000 ppmv), molforhold K/(Al+Si) af reaktanter (0,048-0,961), 
reaktionstemperatur (800-1450 °C), gas opholdstid (0,6-1,9 s), additiv partikelstørrelse såvel 
som typen af kul flyveaske blev undersøgt. Tilsvarende blev ligevægtsberegninger udført 
under anvendelse af ligevægtsmodulet i FactSage 7.0 for at belyse hvor langt EFR-
reaktionssystemet er fra ligevægten og forbedre tolkningen af de udførte EFR-forsøg. 
Resultaterne af K-indfangningsforsøgene ved anvendelse af kaolin ved 1100 °C eller 1300 °C 
viste, at K-indfangningsniveauet (CK) af alle fire K specier KOH, K2CO3, KCI og K2SO4 steg 
betydeligt, når K- koncentrationen i røggassen blev ændret fra 50 ppmv til 500 ppmv, 
svarende til at molforholdet K/(Al+Si) af reaktanter varierede fra 0,048-0,481. Der blev 
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imidlertid ikke observeret nogen stigning af CK, når K-koncentrationen steg yderligere til 
750 ppmv og 1000 ppmv (molforhold K/(Al+Si) af reaktanter var 0,721 og 0,961). Dette 
skyldes sandsynligvis, at al kaolin Si blev brugt til dannelse af K-aluminosilikater ved 500 
ppmv K. 
Resultaterne af K-indfangningsforsøgene ved anvendelse af kaolin ved forskellige 
temperaturer viste, at for KOH, KCI og K2CO3 fulgte K-indfangningsniveauet (CK) og K-
omdannelsen (XK) af kaolin generelt ligevægtsberegningerne ved og over 1100 °C, når der 
anvendes en kaolinpartikelstørrelse på D50 = 5,47 μm og en gasopholdstid på 1,2 s. Dette 
viser, at en næsten fuld omdannelse af kaolin til K-aluminosilikater blev opnået uden 
kinetiske- eller diffusionsbegrænsninger under de anvendte betingelser. Ved 800 °C og 
900 °C var de målte omdannelser lavere end ligevægts forudsigelserne, hvilket indikerede, 
at reaktionerne enten var kinetisk- eller diffusionskontrolleret. For K2SO4 var den målte CK 
betydeligt lavere end ligevægtsforudsigelserne. Kaliophilite (KAlSiO4) var det 
termodynamisk stabile produkt ifølge ligevægtsberegningerne, mens XRD-analysen viste, at 
leucit (KAlSi2O6) faktisk blev dannet. 
Resultaterne af KOH-indfangningsforsøgene med kaolin med forskellige partikelstørrelser 
viste, at ’fint’ kaolinpulver (D50 = 3,51 μm) og ’normalt’ kaolinpulver (D50 = 5,47 μm) 
reagerede i samme grad, mens grov kaolin (D50 = 13,48 μm) viste et lavere K-
indfangningsniveau (CK) ved 1100 og 1300 °C. Dette skyldes sandsynligvis, at KOH-diffusion 
i kaolinpartiklerne blev en begrænsende faktor for den ’grove’ kaolin ved 1100 °C og derover. 
Ved 900 °C var forskellen mindre, sandsynligvis fordi reaktionen er mere kinetisk styret ved 
lavere temperature, hvorfor additivpartikelstørrelsen havde en mindre effekt på reaktionen. 
Resultaterne af KOH reaktionen med kaolin ved forskellige opholdstider viste, at K-
indfangningsreaktionen nåede ligevægt ved 1300 og 1450 °C med en gasopholdstid på 1,2 s 
og en kaolinpartikelstørrelse på D50 = 5,47 μm. Ved 800 °C var CK imidlertid langt fra 
ligevægt selv med en længere opholdstid på 1,9 s, hvilket indikerer, at reaktionen er mere 
kinetisk eller diffusionskontrolleret. Lignende resultater blev observeret for KCl-indfangning 
med kaolin. 
Resultaterne af K-indfangningsforsøgene med kaolin under anvendelse af forskellige K-
specier viste, at for KOH og K2CO3 blev leucit (KAlSi206) dannet ved lav en K-koncentration 
på 250 ppmv, mens ved højere K-koncentrationer (500-1000 ppmv) blev kaliumililit 
(KAlSiO4) detekteret i produkterne. Imidlertid blev udelukkende leucit (KAlSi206) 
observeret ved XRD-analyse i eksperimenterne med KCl og K2SO4. En anden forskel var, at 
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CK for K2CO3 var sammenlignelig med den for KOH, mens CK for KCI og K2SO4 var 
nogenlunde ens men betydeligt laveren end værdien for K2CO3 og KOH. 
Resultaterne af K-reaktion  med kulflyveaske viste, at de relevante fire K-specier reagerede 
på samme måde som ved brug af kaolin. CK og XK steg, når K-koncentrationen steg fra 50 til 
500 ppmv, og de steg ikke yderligere ved K-koncentration på 750 ppmv og 1000 ppmv. En 
observeret forskel var at ved 250 ppmv K og derover var den målte CK og XK for kulflyveaske 
lavere end ligevægtsforudsigelserne. Desuden viste det sig, at selvom typen af de dannede K-
aluminosilikater var ens ved brug af kulflyveaske og kaolin, var K-indfangningen mindre 
effektiv ved brug af kulflyveaske. 
Resultater af K-indfangningsforsøg med kulflyveaske ved forskellige temperaturer viste, at 
ved 800 °C var reaktionen med KOH kinetisk kontrolleret. Ved 900-1300 °C var reaktionen 
formentlig både diffusions og kinetisk påvirket. Resultater med 500 ppmv KOH reaktion 
med kulflyveaske (med et molforhold K/(Al+Si) = 0,481 i reaktanterne) viste, at CK af 
kulflyveaske generelt steg, når temperaturen steg fra 800 °C til 1450 °C, men at CK for 
kulflyveaske var lavere end for kaolin gennem hele det undersøgte temperaturområde. Ved 
50 ppmv KOH (K/(Al+Si) = 0,048), som er sammenlignelig med K-koncentrationen 
observeret under industriel fuldskala træforbrænding, var CK af kulflyveasken 
sammenlignelig både med ligevægtsberegningerne og med CK for kaolin. CK resultater af 
KOH reaktionen med kulflyveaske med forskellige partikelstørrelser viste, at K-
indfangningsniveauet steg ved mindske kulflyveaskepartikelstørrelsen. 
Sammenligning af KOHs reaktion med kaolin, mullit og kulflyveaske ved 500 ppmv KOH 
viste, at kaolin er det mest effektive additiv til alkaliindfangning efterfulgt af mullit og 
kulflyveaske, hvorimod der ikke blev observeret nogen åbenbar forskel ved 50 ppmv KOH. 
Når reaktionstemperaturen blev varieret fra 800 til 1450 °C, steg CK af kaolin og nåede et 
maksimum ved 1300 °C, hvorefter det igen faldt. CK af mullit og kulflyveaske steg generelt 
med stigende temperaturer fra 800 til 1450 °C. 
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Introduction to this Thesis 
Introduction to this thesis 
Biomass suspension-combustion has a higher electrical efficiency and load adaption 
capability compared to traditional grate-fired technology. However, ash-related problems, 
including deposition, corrosion and SCR catalysts deactivation, may limit the availability of 
biomass suspension-fired boilers. Using additives to capture gaseous alkali species and 
transfer them into less problematic compounds with higher melting points is an attractive 
solution. Kaolin and coal fly ash are effective Al-Si based additives for alkali capture in 
biomass combustion. They have been studied both in lab-scale and pilot-scale experiments. 
In addition, coal fly ash has been utilized in full-scale suspension-fired boilers. However, the 
influence of local parameters on the reaction between additives and potassium species is 
still not fully understood. 
Project objectives 
The objective of this project is to get a deep understand of the reaction mechanisms and the 
influence of local parameters on the reaction of kaolin and coal fly ash with different 
potassium salt species. It is wanted to investigate the influence of K-concentration, reaction 
temperature, the composition and particle size of additives, and the type of K-salts. Basing 
on the experimental results, guidelines for optimal utilization of additives for K-capture at 
suspension-fired conditions are provided. 
Structure of this thesis 
Literature Survey 
Chapter 1 of this thesis is a literature study, where the alkali-related problems in biomass 
combustion boilers, including ash-deposition, corrosion and de-activation of SCR (Selective 
Catalytic Reduction) catalysts are introduced. Corresponding countermeasures, mainly 
utilizing additives, to deal with ash-related challenges are summarized. Fundamental 
knowledges on alkali capture using Al-Si based, S based and P/Ca based additives are 
provided in the literature survey. The focus is put on Al-Si based additives.   
Method Development 
The experimental setup - an entrained flow reactor (EFR), the analytical technics as well as 
the equilibrium calculation methods are introduced in Chapter 2. A liquid feeding system 
was developed to feed a slurry containing K-salts and solid additives to achieve a high 
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vaporization of K-salts. The amount of potassium captured by solid additives was quantified 
based on ICP-OES analysis data. In addition, XRD and SEM analysis was utilized for 
mineralogical and morphology analysis.  
Potassium Capture by Kaolin and Coal Flay Ash 
Chapter 3 and 4 deal with K-capture by kaolin and mullite. Chapter 5 and 6 deal with K-
capture by coal fly ash. The influences of K-concentration in flue gas, molar K/(Al+Si) ratio 
in reactants, reaction temperature, additive particle size, type of K-species, type of coal fly 
ash were investigated by conducting EFR experiments at well-controlled suspension-fired 
conditions. Corresponding equilibrium calculations were performed and the data obtained 
were compared with experimental results to understand the reaction. 
Recommendations for utilizing additives 
Basing on data from open literature and the results from this study, recommendations of 
using additives in PF-fired boilers to capture K-species is provided in Chapter 7. The 
influence of additive type, fuel type, temperature, additive particle size as well as dosage 
methods, were considered. 
Peer-reviewed Publications  
The results presented in this thesis are based on several scientific articles that have been 
published or submitted to peer-reviewed journals: 
Chapter 3 has been published in peer-reviewed journal Energy & Fuels as: Wang G., Jensen 
P.A., Wu H., Frandsen F.J., Sander B., Glarborg P. Potassium Capture by Kaolin, Part 1: KOH. 
Energy & Fuels, 32(2): 1851-1862. DOI: 10.1021/acs.energyfuels.7b03645 
Chapter 4 has been published in peer-review journal Energy & Fuels as: Wang G., Jensen 
P.A., Wu H., Frandsen F.J., Sander B., Glarborg P. Potassium Capture by Kaolin, Part 2: 
K2CO3, KCl and K2SO4. Energy & Fuels, 32(3): 3566-3578. DOI: 10.1021/acs.energyfuels. 
7b04055. 
Chapter 5 has been submitted to peer-reviewed journal Fuel as: Wang G., Jensen P.A., Wu 
H., Laxminarayan, Y., Frandsen F.J., Sander B., Glarborg P. Potassium Capture by Coal Fly 
Ash, Part 1: KOH. 
Chapter 6 has been submitted to peer-reviewed journal Fuel as: Wang G., Jensen P.A., Wu 
H., Frandsen F.J., Laxminarayan, Y., Sander B., Glarborg P. Potassium Capture by Coal Fly 
Ash, Part 2: K2CO3, KCl and K2SO4. 
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1 Literature Survey 
1.1 Global warming and biomass combustion  
Information on the composition of earth’s atmosphere can be obtained by analyzing the 
ancient air bubbles trapped in ice. Related studies show that the CO2 level in atmosphere 
had never been higher than 300 ppmv throughout the past 771,000 years, as shown in 
Figure 1-1.1, 2 However, in 2013, for the first time in recorded history, the CO2 concentration 
in atmosphere surpassed 400 ppm.1 It was predicted that, if not taking any measures, the 
atmospheric CO2 concentration will reach 800 ppm by 2100, resulting a global temperature 
increase of 4.2 °C.3 
 
Figure 1-1. CO2 concentration and temperature anomaly history.
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Global warming is strongly linked to the rising concentration of CO2 and other greenhouse 
gases in the atmosphere (Figure 1-1).2, 4 To reduce the CO2 emission, extensive studies of 
renewable and green energy sources, including wind energy, solar energy, hydropower, 
geothermal energy and biomass fuels, for heat or power generation, have been conducted.5, 6 
Among these technologies, biomass combustion is a renewable, high-efficient, CO2-neutral 
option, with extra benefit of urban and rural waste disposal. Biomass combustion could be, 
in a short time scale, utilized widely in existing coal-fired boilers.4, 5, 7, 8 Combustion is one 
important way for utilizing bio-energy.9 Various combustion technologies have been 
employed for biomass firing, including grate-combustion, fluidized bed combustion and 
suspension combustion.9, 10 Grate-firing is the traditional way to burn biomass, while 
fluidized bed is increasingly used, due to its wide fuel range and flexibility.4, 11 Suspension 
firing is also increasingly used for biomass combustion because of its higher efficiency load 
adaption, and that existing coal fired power plants can be converted  to biomass-firing.12-14 
1.2 Ash related problems in biomass combustion 
Different from coal, in which most of the ash forming elements are present in the form of 
minerals,9, 15 alkali elements, like K, in biomass exist as salts or associated with organic 
matrix.  
Biomass alkali elements can easily vaporize during combustion, forming gaseous reactive 
species rich in K, Cl and S, as shown in Figure 1-2.16-26 When cooling down, aerosols are 
formed and they may deposit on heat-exchange surfaces, especially super heater and re-
heater coils, resulting in fast-growing deposit and accelerated corrosion.6, 18, 21-23 To avoid 
excessive corrosion, some biomass-fired plants have to run with a low final steam 
temperature which resulted in a decrease of electrical efficiency of up to 32-35 %.4, 27, 28 
Efficiency and availability of biomass-fired boilers are significantly decreased due to these 
ash-related problems. In severe cases, boilers are forced to shut down and costly manual 
removing of these deposits is required. The alkali species also contribute to the accelerated 
deactivation of SCR (Selective Catalytic Reduction) catalyst in biomass-fired boilers.29-31 
Details on aerosol formation, deposition and corrosion are discussed in the following 
sections.  
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Figure 1-2. Major transformation routes and processes of ash-forming elements during 
biomass suspension firing.24  
1.2.1 Aerosol formation and emission 
During cooling of the flue gas, chemical reaction and condensation of the volatile inorganic 
species can take place. If the cooling becomes too fast, or if there is not enough surface 
available for heterogeneous condensation to occur, there will be an excess of gas molecules, 
starting to form clusters (i.e. small groups of associated molecules).4 If these clusters pass a 
critical size, homogeneous nucleation starts in the flue gas, forming a significant number of 
small nuclei. These nuclei collide at a high rate, resulting in the formation of aerosols. The 
mass load of aerosols in flue gas from biomass combustion can be as high as 800-2000 
mg/Nm3.4  Theses aerosols may pose a threat to the environment and health of human, if 
they are not appropriately handled. Inorganic aerosols can also induce other challenges in 
biomass-fired boilers such accelerated deposition, corrosion and deactivation of SCR 
catalysts as discussed in the following sections.  
1.2.2 Ash deposition 
The K rich aerosols formed from biomass combustion may cohere on the heat-transfer 
surfaces and form a sticky layer, which increases the trapping efficiency of impacted large 
ash particles.4, 32, 33 In addition, K-species can also coat other refractory ash particles through 
diffusion, adsorption, thermophoresis, condensation and reactions with inherent SiO2 in ash 
particles forming K-silicate with low melting points.34, 35 A rapid build-up of troublesome 
deposits on fireside heat-transfer surfaces especially on the super heaters and re-heaters is 
observed consequently.11, 36-47 
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The deposits on the heat transfer surfaces, especially on super heater surfaces in the 
convective pass, can hinder the heat transfer to the steam and hence reduce the overall 
process efficiency.11, 21, 48-50 In severe cases, it may result in unscheduled shutdown and costly 
manual cleanup.47, 50, 51 
1.2.3 Corrosion 
Normally, metal alloys utilized in boilers gradually oxidize and form a protective oxide layer 
on heat transfer surfaces. However, in biomass-fired plants, condensed NaCl or KCl in 
deposits can react with alloy metals (Cr and Fe) or its oxides forming volatile chlorides, 
which is continuously released to gas phase. Consequently, the protective oxide scales are 
destroyed and this resulted in an accelerated corrosion of alloys.21, 41 A full-scale measuring 
campaign showed that when the metal temperature is above 520 °C, severe corrosion took 
place when firing Cl-rich fuels, like straw and waste.21, 41 To alleviate the ash-related 
corrosion, the final steam temperature of some biomass-fired boilers has to be kept below 
450 °C,41 which significantly limits the electrical efficiency.4, 52, 53 If severe corrosion happens 
in boilers, the plants may have to be shut down and the tubes need to be replaced at high 
costs.2, 79, 80 
1.2.4 Deactivation of SCR catalysts 
SCR (Selective Catalytic Reduction) is an effective method for reducing NOx from stationary 
sources. Commercial SCR catalysts consist of TiO2 as support, and V2O5-WO3 as the active 
catalytic component.54 In the SCR plant, ammonia is injected into the flue gas containing 
NOx. When the mixture passes over the SCR catalysts at 300-400 °C, ammonia reduces NOx 
to N2.
30, 55, 56 In Denmark and Sweden, the SCR process is used in power plants burning 
biomass.29 However, the experiences from those boilers show that an accelerated 
deterioration of the SCR catalyst is observed, when they are exposed to flue gas loaded with 
high concentration of alkali species. The deactivation of the SCR catalysts is because of 
physical deposition, as well as chemical poisoning caused by K-species, like KCl and 
K2SO4.
31, 45, 57, 58 
1.2.5 Countermeasures for ash-related problems in biomass combustion 
To minimize the operational problems caused by ash in biomass combustion, different 
treatments and processing technologies have been developed, including use of additives,59 
co-combustion,47, 60 pretreatment of biomass, like washing or ulterior drying,42, 61, 62 
utilization of effective deposit removal techniques,63 and using anti-corrosion alloys or 
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coating for super-heater or re-heater tubes.64-66 Using additives to capture volatile alkali 
species seems to be an attractive and practical option to minimize the ash-related problems 
in biomass combustion. At present, various additives have been studied in lab and in full-
scale experiments.4, 14, 49, 67-69 
1.3 Fundamentals of alkali capture by additives 
The concept of capturing alkali compounds by additives was developed from scavenging 
alkali containing hot flue gas from combined-cycle power generation system incorporated 
with pressurized fluidized-bed combustion (PFBC).70, 71 Gaseous alkali species in hot flue 
gases (about 800-900 °C) should be removed to avoid fouling and corrosion of the blades of 
gas turbines.69 In 1980s, several US companies and institutes, including Argonne National 
Laboratory (ANL),71 General Electric Company (GE),72 Westinghouse R&D center73 and 
University of Arizona74, 75 carried out a series of research in this area. The tested alkali-
capture additives during this period were mainly Al-Si based, including bauxite,71, 72, 76, 77 
kaolinite76, 78, 79, dolomite,72 emathlite,76 diatomaceous earth,77 silica, 77 silica gel,71, 77 
attapulgus clay,80 and coal ash81. The capturing capability, the mechanisms, the feasibility as 
well as the preliminary cost were discussed in these works.71 In all these studies, Na removal 
received greater emphasis than K because the focus was on coal combustion. In the last two 
decades, K-capture by additives attracted more attentions due to the increasing utilization 
of biomass for power and heat production worldwide, and various additives have been 
studied in literature. 
1.3.1 Categorization and mechanisms of additives 
According to the main effective elements that are present in the additives, alkali capture 
additives can be divided into: Al-Si based, S based and P/Ca based additives.51, 59, 60, 67, 68, 82-87 
According to the mechanisms of dealing with ash-related problems, additives can be 
categorized as reactive additives and non-reactive additives. Reactive additives are additives 
that can chemically react with volatile alkali species (such as KCl and KOH) forming 
compounds with higher melting points, like, kaolin, coal fly ash and sulfates.21, 68, 88 Non-
reactive additives address alkali-related problems mainly though physical adsorption or 
dilution effect, like bauxite and ophite.66, 80 The mechanisms involved for different alkali 
capture additives are summarized as below.  
 Physical adsorption 
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Some Al-based additives, like bauxite can capture K-species at low temperature, typically 
below 800 °C. In cases where regeneration of additives is required, physical adsorption 
additives could be an option. 
 Chemical reaction 
The characteristics of alkali capture through chemical reaction are high alkali capturing 
capability, irreversibility, as well as chemical selectivity. Generally, most Al-Si-based and S-
based additives function through chemical reaction. When the release of captured alkali 
should be avoided, such as in the case where the K concentration fluctuate, an irreversible 
chemical fixation additive should be applied. 
 Diluting effect 
Injecting refractory additives can dilute the concentration of volatile elements in deposit, 
consequently reducing the stickiness of deposit. One example is ophite with the formula of   
((Ca,Na)2.25(Mg,Fe,Al)5.15(Si,Al)8O22(OH)2). It does not react with alkali species, however, it 
can mitigate biomass ash sintering significantly through the dilution effect.66  
1.3.2 Additives dosage methods 
Alkali-capturing additives can be utilized in different ways, depending on the combustion 
technology (grate-firing, suspension-firing or fluidized bed combustion), physical and 
chemical properties of additives, and, the reaction conditions (temperature, gas atmosphere, 
residence time, gas-solid contact pattern). The different utilization methods of additives are 
summarized below: 
(1) In-situ removal: injecting additives directly into the combustion zone or higher up in 
freeboard of the furnace, to capture alkali species, as soon as they are released.4 This 
method has been utilized in the multi-fuels firing CHP (combined heat and power) 
plant at Avedøre Power Station Unit 2 (AVV2) in Denmark, owned by Ørsted 
Bioenergy & Thermal Power A/S.12, 14 Additives used in this way can either be a 
powdery material (e.g. coal fly ash)12, 14 or a solution (e.g. ammonium sulfate).89 
(2) To premix the additives and fuels, before feeding into combustors. Additives can be 
introduced into the combustion system by pelletizing biomass fuel with additives 
together, or by mixing additive with fuel, when fuel is transported to the feeding 
point by a conveyor. Additives and fuels can be well mixed by this method.90 
(3) To pass the alkali-containing flue gas through a fixed bed of alkali sorbent. This 
method can be applied in combined cycle power generation from coal or biomass.78 
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1.4 Commonly studied alkali-capture additives 
1.4.1 Al Si-based additives 
Al-Si based additives have been proven to be very effective in capturing gaseous alkali 
species in hot flue gas.59, 76, 91-95 The principle of Al-Si based additives is that volatile K-
species react with additives forming K-aluminosilicates, such as leucite (KAlSi2O6) and 
kalsilite (KAlSiO4), with higher melting points, as shown in Figure 1-3.  
 
Figure 1-3. K2O-SiO2-Al2O3 ternary diagram with solidus temperatures.
68, 88 
The K-capture capacity of additives is sensitive to its elemental composition, especially the 
content of Al and Si. Additives which are only high in either Al or Si, like alumina or silica,71, 
72 are usually less efficient in alkali capturing. Additives with high contents of both Al and 
Si, are able to capture alkali species more effectively.93, 96, 97 Commonly studied Al-Si based 
additives include kaolin,59, 67, 98 coal ash12, 93 bauxite,76 emathlite,76 bentonite,51, 59 clay,51 and 
KAlSiO4 
(>1600 °C)
KAlSi2O6 
(>1500 °C)
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diatomaceous earth. Among these additives, kaolin and coal ash are the most commonly 
studied. Kaolin has been identified as one of the most effective additives for gas phase alkali 
metal capture at high temperature,75, 76 while coal fly ash is the one of the most economical, 
and effective additives.12, 93 
1.4.1.1 Kaolin 
Kaolin refers to a kind of clay mineral.99 Its main mineral phase is kaolinite (Al2Si2O5(OH)4), 
also written as Al2O3∙2SiO2∙2H2O. When kaolinite is heated above 450 °C, the hydroxyl 
bonds are released, and the Al-Si-O lattice is rearranged,97, 98 forming activated kaolin 
(metakaolin), as shown in reaction R 1.1. The porosity of metakaolin was observed to 
increase slightly comparing to parent kaolin.93, 97 When the temperature is increased to 
about 980 °C, further reactions and structural changes take place and alumina-silica spinel 
is formed, as shown in reaction R 1.2. At temperature higher than 1100 °C and sufficient 
residence time, the formed alumina-silica spinel undergoes an exothermic process and 
progressively transforms into mullite and amorphous SiO2, as shown in reaction R 1.3.
93, 97, 
100. Metakaolin is reactive towards alkali species, while mullite is relatively less reactive.93, 97  
𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 (𝑘𝑎𝑜𝑙𝑖𝑛)
 450 °𝐶
→    𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2 (𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 2𝐻2𝑂 (𝑔) (R 1.1) 
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛)
980 °𝐶
→   𝐴𝑙2𝑂3 ∙ 𝑆𝑖𝑂2 (𝑠𝑝𝑖𝑛𝑒𝑙) + 𝑆𝑖𝑂2(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) (R 1.2) 
3 (𝐴𝑙2𝑂3 ∙ 𝑆𝑖𝑂2) (𝑠𝑝𝑖𝑛𝑒𝑙) + 3 𝑆𝑖𝑂2(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠)
1100 °𝐶
→    3𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2 (𝑚𝑢𝑙𝑙𝑖𝑡𝑒)
+ 4 𝑆𝑖𝑂2(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) 
(R 1.3) 
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 2𝐾𝐶𝑙 + 𝐻2𝑂 → 2𝐾𝐴𝑙𝑆𝑖𝑂4(𝑘𝑎𝑙𝑠𝑖𝑙𝑖𝑡𝑒/𝑘𝑎𝑙𝑖𝑜𝑝ℎ𝑖𝑙𝑖𝑡𝑒)
+ 2𝐻𝐶𝑙 (𝑔) 
(R 1.4) 
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 2𝑆𝑖𝑂2 + 2𝐾𝐶𝑙 + 𝐻2𝑂 → 2𝐾𝐴𝑙𝑆𝑖2𝑂6(𝑙𝑒𝑢𝑐𝑖𝑡𝑒)
+ 2𝐻𝐶𝑙 (𝑔) 
(R 1.5) 
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 4𝑆𝑖𝑂2 + 2𝐾𝐶𝑙 + 𝐻2𝑂 → 2𝐾𝐴𝑙𝑆𝑖3𝑂8(𝑠𝑎𝑛𝑖𝑑𝑖𝑛𝑒)
+ 2𝐻𝐶𝑙 (𝑔) 
(R 1.6) 
The reaction of Na-capture by kaolin has been studied for its application on removing Na 
vapor from hot flue gases in Combined Cycle Gas Turbine (CCGT) power plants76, 79, 101 and 
for addressing ash-related problems in combustion of Na-rich low rank coals in power plant 
boilers.75, 96, 102, 103 Kaolin can capture gaseous Na irreversibly with a maximum of 0.266 g 
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Na/g kaolin.74, 104 Kaolin/metakaolin can react with NaCl forming Na-aluminosilicates with 
Cl being released as HCl. Nephelite (Na2Al2Si2O8),
76, 78, 97 and carnegiete (Na2Al2Si2O8)
76 
have been reported to be formed from NaCl-kaolin reactions. 
However, when it comes to biomass combustion, K-capture reaction is of greater concern, 
but it has been studied to a less extent.98 KCl reacts with kaolin in a similar way as NaCl, as 
shown in Reactions R 1.4, R 1.5 and R 1.6. Various K-aluminosilicates formed from KCl-kaolin 
reactions have been reported, such as kalsilite (KAlSiO4), kaliophilite (KAlSiO4), leucite 
(KAlSi2O6), sanidine (KAlSi3O8),
21, 69, 95 microcline (KAlSi3O8)
105 and muscovite 
(KAl3Si3O10(OH)2).
59  
Due to the complex phase transformation of kaolin at high temperature, the reaction 
temperature poses an impact on its K-capture level. The K-capture level of kaolin at 
different temperatures calculated from open literatures93, 106 are compared in Figure 1-4. The 
heating mixture data in Figure 1-4 (*), is from a study by Wang,107 where KCl and kaolin was 
mixed and heated at 900 and 1000 °C with different residence time of 1 h and 12 h. The K-
capture level of kaolin decreased with the reaction temperature. The kaolin pellet results(**) 
are from a fixed bed study,93 in which kaolin pellets (diameter of 1.6 mm) were utilized for 
capturing KCl. The residence time was 1 hour and the KCl concentration was 1000 ppm. A 
wider temperature range from 900 to 1500 °C was covered. The results reveal that at 
temperatures below 1300 °C, the K-capture level of kaolin generally decreased. However, at 
above 1300 °C, it increased with temperature. 
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Figure 1-4. K-capture level of kaolin calculated from literatures (*heating KCl and kaolin 
mixture107, ** K-capture in fixed bed reactor using kaolin pellets93). 
Shadman and co-workers carried out a series of studies on sodium and potassium capture by 
kaolin, aiming at understanding the mechanism and the kinetics of alkali-capture 
reactions.74, 76, 78, 79, 108-111 In their work, a thermogravimetric reactor was designed, in which 
flue gas containing alkali (100-260 ppmv) was passed through kaolin flakes (~0.5 mm thick) 
at 800 °C and the weight change of kaolin flakes was recorded by a microbalance.  The 
results showed that kaolin can effectively capture gaseous KCl or NaCl from flue gas. The 
mechanisms depended on the atmospheres. In 100 % nitrogen,74 NaCl was observed to be 
captured through physical adsorption, while in simulated flue gas (15 % CO2, 3 % O2, 80 % 
N2 and 2 % H2O), NaCl was captured through chemical reaction.
74 Nephelite and 
carnegieite with the same chemical formula NaAl2Si2O8 were detected in the reacted 
products. The sodium capture reaction was diffusion-influenced at the studied conditions 
(800 °C, and residence time of 40 hours). A saturation limit of 26.6 % of weight increase of 
kaolin flakes was observed. Based on the experimental data, a model incorporated both 
physisorption and chemical reaction was developed. 
Tran and co-workers studied the K-capture reaction by kaolin using a fixed bed reactor 
equipped with a surface ionization detector.98, 112, 113 Gaseous alkali species (0-1.2 ppm) are 
generated from KCl, KOH or K2SO4, and consequently go through a fixed bed where the 
kaolin pellets (0.5 - 2.0 mm) was hold, at 750-950 °C. Part of the alkali species are captured 
by kaolin, while the rest unreacted part was measured by the ionization detector.98, 112, 113 A 
series of experiments on alkali capture by kaolin are conducted in this setup. The influence 
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of atmosphere (oxidizing or reducing), presence of water, temperature, as well as the 
competition between alkali and heavy metal was studied. It was found that the reducing 
conditions and the presence of water promoted the K-capture by kaolin and the coexistence 
of potassium and cadmium promoted the capture of both metals by kaolin. Moreover, it was 
observed that kaolin captured KCl slightly more efficiently than KOH, and much more 
effectively than K2SO4 under the studied conditions (850 °C and residence time of several 
hours).98, 112, 113  
Zheng et al.93 studied the kinetics of gaseous KCl capture by kaolin pellets (diameter of 1.6 
mm) in a fixed bed reactor. The influence of reaction temperature (900-1500 °C), residence 
time, oxygen and water content, as well as KCl concentration (0-1600 ppm) in flue gas was 
investigated. The results showed that the KCl-kaolin reaction was dominated by chemical 
reaction and it was independent from oxygen concentration. However the presence of water 
could promote the KCl capture reaction. Results at different KCl concentrations showed that 
the KCl capture capacity of kaolin pellet increased almost linearly with the KCl 
concentration (900 °C, 0.5 h). In addition, the reaction temperature posed a significant 
impact on the K-capture reaction at the studied conditions (diameter of kaolin pellets of 1.6 
mm, residence time of 1 hour). The potassium capture level of kaolin firstly decreased when 
temperature increased from 900 to 1300 °C, and then it increased when the temperature 
increased further to 1500 °C. This is because the reaction was internal-diffusion controlled. 
The sintering of kaolin pellets was responsible for the decreasing of K-capture level at 900-
1300 °C. At 1300-1500 °C, kaolin melted and the liquid diffusion elevated the K-capture level 
at 1300-1500 °C.   
All the studies mentioned above were conducted in fixed bed reactors. The only quantitative 
study on alkali capture by kaolin under suspension fired conditions, was carried out by 
Wendt et al.75, 97 Sodium capture by dispersed kaolin particles was investigated in a down-
flow reactor. Sodium hydroxide was utilized to produce sodium vapor. Cl2 and SO2 were 
doped into the reactor to study their influence.  The results show that kaolin could capture 
sodium effectively under suspension-fired conditions, through a chemical reaction between 
NaOH and metakaolin. 900–1100 °C was the optimum kaolin injection temperature window 
for obtaining the best sodium capture results. In addition, it was found that the Na-capture 
reaction was kinetically controlled when using kaolin particles smaller than 3.0 μm. For 
kaolin particles larger than 3.0 μm, interphase diffusion became the controlling mechanism. 
Experiments with doping Cl2 and SO2 show that the presence of SO2 and Cl2 inhibited the 
Na-capture reaction by kaolin.75, 97 
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Kaolin has also been tested in large CFB boilers (35 MW) as additives to deal with alkali-
related problems.53 With addition of kaolin, the amount of water soluble K and Cl in fly ash 
was significantly decreased, and bed agglomeration temperature was increased.53 However, 
the disadvantage of kaolin is its high cost.68, 83 
1.4.1.2 Coal ash 
The mineralogical composition of coal fly ash is quite complex. The dominant mineral 
phases include quartz (SiO2), mullite (3Al2O3∙2SiO2), illite, siderite, etc.
114-118 Reaction 
between alkali species with coal ash was observed when co-firing biomass and coal.119-121 The 
mechanism of capturing alkali species using coal ash is similar as that of kaolin. The 
aluminosilicate species in coal ash, like mullite, can react with gaseous K or Na, forming 
alkali-aluminosilicates. Utilizing coal fly ash as additives in biomass combustion process can 
potentially minimize the ash-related operational problems at a fairly low price. Available 
results show that the chemical composition of coal ash has a noticeable impact on its alkali 
capture ability.93 Generally, bituminous coal fly ash which is rich in oxides of Al, Si shows an 
effective alkali capture ability, whereas the alkali capture capacity of Ca-Mg rich coal ash 
generated from low rank coal (lignite) is significantly low.93 
Coal fly ash has been commercially utilized in full-scale biomass suspension-fired boilers in 
Denmark.12, 14 A full-scale boiler measuring campaign conducted by DTU-CHEC investigated 
the influence of coal fly ash addition on the deposition behaviors, deposit composition12 and 
the formation of aerosols.14 The amount of aerosols formed was greatly suppressed, with the 
composition of the aerosols changed from K-S-Cl rich to Ca-P-Si rich, when adding coal fly 
ash.14 The influence on ash deposition during wood suspension-firing is summarized in 
Figure 1-5.12 The amount of K2SO4 in inner layer deposit at high temperature flue gas 
(1300 °C) was significantly reduced, and KCl/KOH/K2CO3 completely disappeared when 
adding coal fly ash. The large outer deposit also transferred from K-Ca-Si rich to Si-Al rich, 
resulting in an easier removal of deposits. In deposits formed at low temperature flue gas 
(800 °C), KCl disappeared, and the content KOH and K2CO3 was significantly decreased. 
The corrosion risk of the deposit decreased considerably because of the changes of the 
deposit composition. 
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Figure 1-5. Summary of the influences of coal fly ash addition on deposit properties during 
full-scale pulverized wood combustion.12 
Lab-scale experiments in a fixed bed reactor have been carried out to study the reaction 
between coal ash pellets and gaseous KCl.93, 122 The results suggested that bituminous coal 
ash rich in Al and Si can capture KCl effectively, while Ca-Mg rich lignite coal ash captured 
KCl much less effectively. The results also showed that the KCl capture reaction by coal ash 
pellets was diffusion controlled at studied conditions (900-1500 °C, diameter of coal ash 
pellets of 1.5 mm, residence time of 1 hour).93  
In another fixed bed reactor study, Liu et al. investigated the KCl capture reaction utilizing 
bituminous coal fly ashes (70-100 μm) which were paved in a stainless wires holder.122 The 
impact of reaction temperature, KCl-concentration and the reaction atmosphere was 
investigated. The results indicated that 900 °C was the optimal K-capture temperature for 
the investigated bituminous coal fly ash. They also observed that a reducing atmosphere and 
the presence of water vapor promoted the K-capture capability of coal fly ash.122 
1.4.1.3 Other Al-Si based additives  
Apart from kaolin and coal fly ash, various other Al-Si based additives, such as bauxite 
(Al2O3), emathlite (mixture of Al2SiO5 and SiO2) and diatomaceous earth (92% SiO2 + 5% 
Al2O3), silica gel (SiO2), silica (SiO2), and alumina (Al2O3) have been tested and studied in 
open literatures.59, 67, 73, 93, 98 
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Bauxite is an effective alkali-capture additive. Lee71, 80 studied the alkali (including NaCl, 
KCl) capture behavior of bauxite in a fixed bed reactor. It was found that physical adsorption 
was the dominant mechanism for alkali capture by bauxite.71, 72, 80  However the study by 
Punjak et al.76, 78 showed that the adsorption of NaCl by bauxite at 800 °C is a combination 
of physical sorption and chemical reaction. Nephelite and carnegiete are the products from 
the part of chemical reaction. For the physical adsorption part, both Na and Cl were 
observed to be retained in reacted bauxite.76, 78 
Emathlite can capture NaCl vapor effectively.73, 109 The alkali capture mechanism of 
emathlite is through irreversible chemical reaction.82 Experimental results show, that at 
800 °C, crystalline albite (Na2O∙Al2O3∙6SiO2) is formed. While at 1000 °C, a glassy Na-
containing phase was formed. Comparing to nephelite (melting point 1560 °C) and 
carnegiete form Na-capture reaction by kaolin and bauxite, the melting point of albite from 
emathlite capture is obviously lower (1000 °C). Therefore, emathlite is more suitable for 
lower temperature system, such as in the downstream of combustors or gasifiers.123 The 
apparent activation energy for emathlite was found to be very low, indicating that alkali 
capture by emathlite was not significantly affected by changes of temperature.73, 76  
Diatomaceous earth is another alkali capture clay mineral mainly composed of silica and 
alumina co-existing to different extent. It is found that at 800 °C, diatomaceous earth could 
capture alkali species through chemical reaction. Water-insoluble alkali-silicates was 
detected in reacted products.71 
1.4.2 S-based additives 
The principle of S based additives is to convert KCl or KOH to K2SO4. The global reactions 
could be described by reaction R 1.7 and R 1.8. Alkali sulfates are less volatile than chlorides 
and hydroxides,94 and are less sticky and less problematic with respect to ash deposition and 
corrosion.89 Moreover, Cl-induced high temperature corrosion can be mitigated by S-based 
additives, because the most aggressive element, Cl, is released as HCl (g) through sulfation 
reaction. 
2𝐾𝐶𝑙 (𝑔, 𝑙, 𝑠) + 𝑆𝑂2 + 0.5 𝑂2 + 𝐻2𝑂 → 𝐾2𝑆𝑂4(𝑔, 𝑙, 𝑠) +2𝐻𝐶𝑙 (𝑔) (R 1.7) 
2𝐾𝐶𝑙 (𝑔, 𝑙, 𝑠) + 𝑆𝑂3 + 𝐻2𝑂 → 𝐾2𝑆𝑂4(𝑔, 𝑙, 𝑠) +2𝐻𝐶𝑙 (𝑔) (R 1.8) 
For the sulfation reaction, usually SO3 is favored because it reacted with KOH and KCl 
significantly faster than SO2.
124-127 Therefore additives that can produce SO3, like ammonium 
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sulfate,51, 89 ferric sulfate,82, 128, 129 and aluminum sulfate128 are usually more effective than 
SO2 based additives (elemental sulfur
83, 84 and SO2
83, 129-132).  
1.4.2.1 Elemental sulfur 
The sulfation effect of elemental sulfur has been tested both in pilot-scale reactors and full-
scale boilers.51, 83, 84, 129, 130 In a grate-fired boiler study, Aho studied the sulfation effect of 
elemental sulfur by mixing fuel (wood chips and corn stover) with sulfur of different dosages 
and fed into the boiler.129 To achieve a satisfied result of preventing Cl deposition, a dosage 
of elemental sulfur of S/Cl (molar) = 3 was required. However, the sulfur addition led to a 
significant increase of SO2 emission (2000 mg/Nm
3 with 6% O2) and need for expensive 
SO2 removal from the flue gas. 
1.4.2.2 SO2 
Study on the sulfation of KCl or KOH by SO2 showed that both homogeneous and 
heterogeneous reactions took place.  Iisa studied the KCl sulfation reaction by SO2 in gas 
phase and molten phase using an entrained flow reactor (EFR) at 900-1100 °C.130 A 
significant faster sulfation reaction was observed in gas phase (100 % conversion at studied 
conditions). However, in the molten phase only a 0.5-2 % conversion was observed. The 
study also revealed that in gas phase, the sulfation reaction was limited by the availability of 
SO3, while in molten phase the sulfation reaction was diffusion limited.
130 
Sippula et al. studied the impact of the addition of SO2 on the transformation of alkali 
metals during wood combustion in an laminar flow reactor.131  The fine particle number 
concentration in flue gas was significantly decreased due to the sulfation of KCl by SO2. 
In a laboratory study carried out by Sengeløv,133 the sulfation of particulate KCl by SO2 was 
studied in the temperature range 400-750 °C, by monitoring the formation of HCl and 
analyzing the solid residual.133 The results confirmed the reaction proceeds according to a 
shrinking core model. A rate expression for the sulfation reaction was derived which 
revealed that only KCl particles smaller than 1 µm is sulfated significantly at the short gas 
residence times which is typical in suspension combustion systems. 
A model of gaseous sulfation of alkali hydroxide and alkali chloride was developed by 
Glarborg.125 Detailed reaction mechanisms for the sulfation of alkali metal were proposed. 
The sulfation reaction was initiated by oxidation of SO2 to SO3. Subsequently, SO3 
recombines with alkali hydroxide or alkali chloride to form alkali hydrogen sulfate or alkali 
oxysulfur chloride, which were finally converted into K2SO4. 
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1.4.2.3 Sulfates 
Sulfates are effective additives to convert KCl into less harmful K2SO4. The commonly 
studied sulfates include aluminum sulfate, ferric sulfate and ammonium sulfate.83, 84, 134 The 
principle for sulfate additives is that they decompose at high temperature forming SO3 
which subsequently reacts with KCl as shown in Reaction R 1.8.83, 135  
The yields of SO3 from the decomposition of sulfates played a key role in the KCl-sulfation 
reaction. The decomposition behavior of ferric sulfate, aluminum sulfate and ammonium 
sulfate, as well as the SO3 yields were studied by Wu et al. using a tube reactor and a faster 
heating rate TGA.124, 128  A yield of 85 % SO3 accompanied by 15 % SO2 was observed for 
aluminum sulfate decomposition at 700-900 °C. For ferric sulfate, approximately a yield of 
40 % SO3 was observed at 600-1000 °C. The yield of SO3 from ammonium sulfate 
decomposition decreased almost linearly with increasing temperature in the temperature 
range 600-900 °C. A detailed chemical kinetic model was also developed in his work.124, 128 
The different sulfates were also tested in pilot and full-scale boilers. Ammonium sulfate 
addition was tested in a CFB boiler firing a mixture of straw and wood pellets.136 With the 
injection of ammonium sulfate, the concentration of gaseous KCl in flue gas was 
significantly decreased and almost no chlorine was found in the deposit.136 Vattenfall AB 
developed a patent named ChlorOut,89 in which ammonium sulfate injection together with 
a in-situ chloride monitor was utilized to sulfate KCl as well as monitoring the results 
online.89 This concept was tested in a 96 MWth CFB boiler firing bark and Cl-containing 
waste. The KCl concentration in flue gas was reduced to as low as 2 ppm. Corrosion risk 
relate to Cl has been significantly reduced and almost a full sulfation of KCl aerosols was 
achieved.89 
Sulfation effect of ferric sulfate was tested by spraying its solution into the upper furnace 
and mixing ferric sulfate with fuels in a grated-fired boiler. It was revealed that the sulfation 
results were not only depended on the dosage but also the way of feeding. In the case of 
spraying the ferric sulfate solution, with a dosage of S/Cl = 0.4–0.6, it was observed that the 
Cl-deposit and corrosion of super heaters was significantly prevented.129 However, in the 
case of mixing ferric sulfate with fuels, the sulfation effect was much less effective even with 
a higher ferric sulfate dosage. One reason is the decomposition of sulfates at high 
temperature was different for the two different feeding methods. 
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1.4.3 P/Ca based additives 
When firing P rich biofuels, like, grain, bran, and rapeseed cake, K and P originated from 
fuels is released to gas phase, generating K-phosphate (such as K3PO4, KPO3 and K5P3O10; 
see Figure 1-6) with low melting temperature.86, 137-139 Severe deposition and corrosion was 
observed in boilers firing P rich biofuels. However, if Ca is present, ternary phosphates of 
K2O-CaO-P2O5 with melting temperature higher than 1000 °C would be formed, as shown 
in Figure 1-6.137, 140, 141 Basing on this, a strategy of using additives with Ca or P has been 
developed to capture alkali species and thereby mitigate ash-related problems. Additives, 
like Ca(OH)2,
137 CaCO3,
137 phosphoric acid,68, 138, 140, 142 Ca-sludge104 and ammonium 
phosphate143 have been studied in open literatures. 
Ca(OH)2 and CaCO3 were investigated in experimental study by Wu.
137 Ca-based additives 
could be used to reduce the release of P and to some extent increase the release of K during 
grate-firing of bran. The K/P ratio in flue gas was increased by adding Ca-based additives. 
This effect is observed to be more pronounced in the full-scale grate-fired power plants, 
where a 5-8 wt. % CaCO3 was added in his study.
137 
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Figure 1-6. K2O-P2O5-CaO ternary diagram showing the influence of P/Ca based additives on 
ash melting behavior.68, 137, 141 
Results from another experimental studies140 conducted in an industrial-scale DTF (drop 
tube furnace) showed that, by adding optimized dosage of P based additives and Ca based 
additives, alkali-related fouling could be significantly decreased by converting low-melting 
temperature alkali oxide, hydroxide or chloride into K/Na-Ca/Mg-phosphate with high 
melting points.138-140, 144  However, to achieve a satisfactory result, an optimal P-Ca ratio as 
well as the feeding method should be well designed. 
1.5 Conclusions 
The mechanisms of alkali capture by additives to address ash-related problems in biomass 
combustion are reviewed in this chapter. The commonly studied additives can be divided 
into: Al-Si base, S based, P/Ca based groups according to the active elements. Kaolin and 
coal fly ash are the two most effective Al-Si additives. Coal fly ash is the only additive that 
has been commercially utilized in full-scale suspension fired boilers. S based additives 
including elemental sulfur, SO2 and sulfates can alleviate the alkali related problems 
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through sulfation reaction. P/Ca based additives can significantly reduce deposition and 
corrosion by forming ternary K-Ca-P phosphates. 
Most of the studies available in open literature on K-capture using additives were conducted 
in fixed bed reactors. However, the reaction conditions in fixed bed reactors are significantly 
different from that in suspension-fired boilers. The controlling mechanisms at suspension-
fired boilers could be significantly different. The influence of local conditions, like reaction 
temperature, additive particle size, K-concentration on the reaction is still not available. To 
obtain an optimal result of K-capture using additives, detailed knowledge about the K-
capture reaction with additives is still required. 
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2 Methods Development 
2.1 Materials  
Four different potassium species, including KOH, K2CO3, KCl and K2SO4, were studied in 
this work. Kaolin of three different particle sizes, mullite and two coal fly ashes were utilized 
as the K-capture additives. The characteristics of the solid additives are listed in Table 2-1. 
The three kaolin powders are named according to the particle size as normal kaolin (D50 = 
5.47 µm), fine kaolin (D50 = 3.51 µm), and coarse kaolin (D50 = 13.48 µm). The normal kaolin 
was purchased from VWR Chemicals, and the fine kaolin was generated by grinding the 
normal kaolin in a ball mill. The coarse kaolin was obtained by grinding kaolin stones 
purchased from Ward’s Science. Mullite powder was generated by heat treatment of the 
normal kaolin (D50 = 5.47 µm) at 1100 °C for 24 h.
100 The calcinated mullite sample was re-
grinded, to break the agglomerated blocks, and to get a sample with D50 = 5.90 µm, which is 
similar to that of the normal kaolin powder (D50 = 5.47 µm). 
The two coal fly ashes were from unit 2 of Asnæsværket Power Plant (ASV2), and Amager 
Power Plant (AMV) in Denmark. They are named as ASV2CFA and AMVCFA, respectively. 
The coal fly ashes were sieved to 0-32 μm, and 32-45 μm and named as ASV2CFA0-32, 
ASV2CFA32-45 and AMVCFA0-32 respectively. The median diameter D50 of ASV2CFA0-32 
was 10.20 μm, and D50 of ASV2CFA32-45 was 33.70 μm. In addition, the ASV2CFA0-32 was 
grinded in a ball mill to get a finer coal ash sample with D50 of 6.03 μm, which was 
comparable with the normal kaolin and mullite powder. The grinded ASV2 coal fly ash was 
termed as ASV2CFAGR.  
The additives were analyzed by ICP-OES (Inductively Coupled Plasma Atomic Emission 
Spectroscopy) for elemental composition, with results shown in Table 2-1. The elemental 
composition of kaolin and the two coal fly ashes was different, but they are all rich in Al and 
Si. The molar (Na+K)/(Si+Al) ratio of the three kaolin samples and three ASV2 coal fly ashes 
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was around 0.02. For AMVCFA0-32 the molar ratio was slightly higher as 0.07. The molar 
ratio of (Na+K)/(Al+Si) for all additives were relatively low, indicating that there was a large 
content of Al and Si available for the K-capture reaction. Generally, the Si content of kaolin 
and coal fly ash was similar; the Al content of coal fly ash was obviously lower than that of 
kaolin. 
Table 2-1. Characteristics of solid additives (kaolin, mullite and coal fly ash). 
 Kaolin and mullite Coal fly ash 
Name 
Fine 
kaolin 
Normal 
kaolin 
Coarse 
kaolin 
Mullite 
ASV2CF
AGR 
ASV2CFA 
0-32 
ASV2CFA 
32-45 
AMVCFA 
0-32 
D50 (µm) 3.51 5.47 13.48 5.90 6.03 10.20 33.70 8.42 
BET surface area 
(m
2
/g) 
13.02 12.70 11.83 5.30 9.07 8.04 3.41 3.18 
O (wt. %, dry) 56.9 56.9 55.88 56.9 46.60 46.60 45.06 49.92 
S (wt. %, dry) 0.02 0.02 0.03 0.02 0.26 0.26 0.21 0.23 
Si (wt. %, dry) 22.0 22.0 23.0 24.8 22.00 22.00 21.00 25.00 
Al (wt. %, dry) 19.0 19.0 19.0 21.4 14.00 14.00 13.00 11.00 
Fe (wt. %, dry) 0.47 0.47 0.46 0.53 2.90 2.90 3.0 4.30 
Ca (wt. %, dry) 0.10 0.10 0.10 0.11 4.50 4.50 5.20 4.10 
Mg (wt. %, dry) 0.14 0.14 0.12 0.16 0.97 0.97 0.88 1.40 
Na (wt. %, dry) 0.10 0.10 0.10 0.10 0.27 0.27 0.20 0.92 
K (wt. %, dry) 1.10 1.10 1.20 1.20 0.87 0.87 0.67 2.10 
Ti (wt. %, dry) 0.02 0.02 0.01 0.02 0.88 0.88 0.74 0.53 
P (wt. %, dry) 0.05 0.05 0.05 0.06 0.64 0.64 0.57 0.30 
deformation 
temperature (°C) 
__ __ __ __ 
1280 1280 
__ 
1200 
hemisphere 
temperature (°C) 
__ __ __ __ 
1390 1390 
__ 
1290 
flow  
temperature (°C) 
__ __ __ __ 
1440 1440 
__ 
1380 
 
One difference between the two types of coal fly ashes was the alkali metal content. The 
concentration of (K+Na) of AMVCFA is about 3.0 %, while it was slightly lower as 1.1 % for 
ASV2 coal fly ashes. Another difference is that the Si/Al molar ratio of ASV2CFA0-32 was 
around 1.5, while the ratio for AMVCFA0-32 was obviously higher as 2.2. Si usually stays in 
the form of mullite or quartz, or amorphous species in coal ash. Relatively higher Si content 
or lower Al usually implicates a possible lower content of mullite and thereby a lower K-
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capture capability, since mullite is considered the crucial mineral phase in coal ash for K-
capture reaction forming K-aluminosilicate.12, 93, 98 
Generally, alkali elements, like Na and K stay in the form of alkali-aluminosilicates in coal 
ash. A higher contents of alkali elements in coal ash can usually weak the availability of Al 
and Si. For the alkaline earth metal elements, the content of Ca of AMV coal fly ash was 
slightly lower than that of ASV2 coal fly ashes, while Mg is slightly higher. Ca is primarily 
present in coal fly ash as lime, anhydrite or calcite,145, 146 and it can also exist together with 
Mg as Ca-Mg-silicate.147, 148 Therefore, Ca and Mg may affect the availability of Al and Si to a 
lower extent. In summary, the lower content of Al and relatively higher content of K and Na 
are believed to weaken the K-capture ability of AMV coal fly ash. Aside from Al and Si, S is 
another protective element in coal fly ash, which can react with KCl and transfer it into less 
corrosive sulfate. The concentration of S in all the four ash samples was very low, at around 
0.25 %, and may not play a key role in the K-capture reaction in this study.  
The solid additives were also analyzed with XRD. The results showed that kaolinite 
(Al2Si2O5(OH)4) and quartz (SiO2) are the main mineral phases in the three kaolin samples. 
In the mullite sample, mullite (3Al2O3∙2SiO2) and quartz (SiO2) are detected as the main 
mineral phases. No kaolinite was detected in the mullite sample, indicating a complete 
transformation from kaolinite to mullite during heat treatment. XRD analysis of coal fly ash 
showed that, for all coal fly ash samples, mullite (3Al2O3∙2SiO2) and quartz (SiO2) are the 
main crystalline phases, while no crystalline species containing alkali or alkaline earth metal 
elements was detected in kaolin or coal fly ash samples, implying that the small amount of 
Na, K, Ca and Mg detected by ICP-OES may stay in the form of amorphous species, or the 
concentration is too low to be detected.  
2.2 Setup 
Experiments were conducted in the DTU Entrained Flow Reactor (EFR), as shown in Figure 
2-1, which can simulate the conditions in suspension-fired boilers. The EFR consists of a gas 
supply system, a liquid/slurry feeding system, a gas preheater, a vertical reactor tube, a 
bottom chamber and a particle and flue gas extraction system. The vertical reactor tube is 2 
m long, and the inner diameter is 79 mm. The reactor is electrically heated by 7 heating 
elements, and can be heated up to 1450 °C. A 0.8 m long preheater is placed above the 
reactor tube for preheating the secondary gas. The EFR was surrounded with a shell which 
can capture gas that leaked from the reactor. 
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Figure 2-1. Schematic of the Entrained Flow Reactor (EFR). 
To obtain a high vaporization degree of K-species and a good contact of K-salt vapor with 
additives, a slurry containing K-species and solid additives (kaolin, mullite or coal fly ash) 
was fed into the EFR, instead of feeding solid K-species and solid additives into the reactor 
directly.74, 75 The slurry was fed into the reactor, using a peristaltic pump through a water-
cooled feeding probe, as shown in Figure 2-2. During each experiment, the slurry was stirred 
with a magnetic stirrer to keep it homogeneous. A steady feeding could be obtained with 
this slurry feeding system. Detailed information on developing the liquid feeding system can 
be found in Appendix A. 
The slurry also contained ethanol, which combusted in the reactor producing CO2. 
Therefore, the feeding rate can be indirectly monitored by measuring the CO2 concentration 
in the flue gas. Slurry fed into the reactor was atomized, at the outlet of the water-cooled 
feeding probe by a 30 Nl/min primary air flow. The atomized slurry droplets were mixed 
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with the preheated secondary air and subsequently evaporated. K-species transferred into 
gas phase and reacted with solid additives in the reactor tube. At the outlet of the reactor 
tube, the flue gas and the entrained solid samples entered into a water-cooled bottom 
chamber, where the flue gas was divided into two fractions, with around 50 % going to the 
sampling probe and subsequently to the solid sampling line, while the remaining 50 % vent 
to the ventilation, directly. The sampling probe is about 1.5 m long and is air-cooled, 
keeping the flue gas temperature at around 300 °C. A 10 Nl/min quench gas was introduced 
at the inlet of the sampling probe, for quenching the flue gas and the reaction. The 
quenching gas also helped to prevent the deposition of solid samples on the inner wall of 
the sampling tube. The entrained large solid particles and aerosols were captured, 
respectively, by a cyclone (with a cut-off diameter of 2.3 μm) and a metal filter (with a pore 
size of 0.8 μm) in the sampling line. The cyclone and filter were both heated to 200 °C, to 
avoid condensation of water vapor. Each experiment lasted about 60 min, and the solid 
samples were collected for further analysis. 
 
Figure 2-2. Slurry feeding and atomizing system of the DTU Entrained Flow Reactor (EFR). 
In order to avoid unexpected air leakage into the EFR, the reactor was operated at a pressure 
slightly higher (approximately 1.0-3.0 mbar) than the atmospheric pressure, and the 
possible gas escaping from the reactor was captured by a shell around the reactor and 
pumped to ventilation. 
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2.3 Analytical methods 
To quantify the amount of potassium captured by additives, the reacted solid samples were 
analyzed with ICP-OES (Inductively Coupled Plasma Atomic Emission Spectroscopy). The 
concentration of major elements (Al, Ca, Fe, Mg, P, S, K, Si, Na and Ti) was determined 
according to the Danish Standard of DS/EN 15290 (Solid Biofuels- Determination of Major 
Elements). The standard DS/EN ISO 16995 (Solid Biofuels- Determination of water soluble 
Chloride, Sodium and Potassium) was used to determine the concentration of water-soluble 
K and Cl. The concentration of total potassium and water-soluble potassium of product 
samples were both analyzed.  
Two parameters were defined for quantifying the amount of potassium captured by 
additives: the K-conversion (XK), and the K-capture level (CK). XK is defined as the 
percentage (%) of input K-salt (KOH, KCl, K2CO3 and K2SO4) chemically captured by solid 
additives (kaolin/mullite/coal fly ash) forming water-insoluble K-aluminosilicate. CK is the 
mass of potassium captured by 1 g of additive (g K/(g additive)). 
 
Figure 2-3. Potassium transformations in the K-capture reaction. 
As shown in Figure 2-3, potassium in the reactants originated both from the K-salts (KOH, 
K2CO3, KCl and K2SO4) and the additives (kaolin, mullite and coal fly ash). The majority of 
potassium in the reactants was from K-salts, which was water-soluble (part A). The 
remaining potassium was from additives and it was water-insoluble (part D). During the K-
capture reaction, a part of the water-soluble K reacted with additives forming water-
insoluble K-aluminosilicate (part C in the products) while the unreacted K-salts remained 
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water-soluble (part B). The K-conversion (XK), and K-capture level (CK) were calculated 
based on the ICP-OES analysis results of reacted samples as shown in Equation 2.1 and 2.2. 
Detailed information on calculation method is available in Appendix B. 
𝑋𝐾 = 
𝐶
𝐴
 × 100 % (2.1) 
𝐶𝐾 =
𝑛𝐾−𝑠𝑎𝑙𝑡𝑀𝐾𝑋𝐾
𝑚𝑎𝑑.
 (2.2) 
In Equation 2.1, C is the amount of water-insoluble potassium formed by the K-capture 
reaction, and A is the amount of potassium from K-salts fed into the reactor, as shown in 
Figure 2-3. 𝑛𝐾𝑠𝑎𝑙𝑡 (mol) is the molar amount of K-salt fed into the reactor, MK is the molar 
mass of K (39 g/mol) and 𝑚𝑎𝑑. is the mass of solid additives fed into the reactor (g). 
To characterize the mineralogical composition of the reacted solid products, the collected 
samples were washed with deionized water at room temperature for 24 hours to remove the 
water-soluble compounds (i.e. the K-salts in the reactant), and then filtered using a 0.4 μm 
membrane. Subsequently, the water-washed solid samples were subjected to X-ray 
diffractometry (XRD) analysis. The XRD spectra were determined with a Huber 
diffractometer with characteristic Cu Kα radiation and operation conditions of 40 kV and 
40 mA. The wave length was 1.54056 Å. The identification of the main crystalline phase was 
performed with the JADE 6.0 software package (MDI Livermore, CA) and the diffraction 
database of PDF2-2004. 
2.4 Equilibrium Calculations 
To understand the transformation of K-salts without additives at high temperature, global 
equilibrium calculations at the same conditions as the K-salt vaporization experiments were 
conducted. To make a comparison of the experimental K-conversion (XK) and K-capture 
level (CK) relative to equilibrium, global equilibrium calculations were carried out at 
corresponding conditions. The calculations were performed using the Equilibrium module 
of the software FactSage 7.0. The databases of FactPS, FToxid, FTsalt and FTpulp were 
employed for the calculations. Information about the different databases can be found in 
literatures.149, 150 Detailed information on the equilibrium calculation can be found in 
Appendix C. 
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Abstract: The reaction of gaseous KOH with kaolin and mullite powder at suspension-fired 
conditions was studied by entrained flow reactor (EFR) experiments. A water based slurry 
containing kaolin/mullite and KOH was fed into the reactor and the reacted solid samples 
were analyzed to quantify the K-capture level. The effect of reaction temperature, K-
concentration in the flue gas, the molar ratio of K/(Al+Si) in reactants, gas residence time, 
and kaolin particle size on K-capture reaction was systematically investigated. 
Corresponding equilibrium calculations were conducted with FactSage 7.0. The 
experimental results showed that kaolin reached almost full conversion to K-
aluminosilicates at suspension-fired conditions at 1100-1450 °C for a residence time of 1.2 s 
and a particle size of D50 = 5.47 μm. The amount of potassium captured by kaolin generally 
followed the equilibrium at temperatures above 1100 °C, but lower conversion was observed 
at 800 °C and 900 °C. Crystalline kaliophilite (KAlSiO4) was formed at higher temperatures 
(1300 °C and 1450 °C), whereas, amorphous K-aluminosilicate was formed at lower 
temperatures. Coarse kaolin (D50 = 13.48 μm) captured KOH less effectively than normal 
(D50 = 5.47 μm) and fine (D50 = 3.51 μm) kaolin powder at 1100 °C and 1300 °C. The 
difference was less significant at 900 °C. Mullite generated from kaolin captured KOH less 
effectively than kaolin at temperatures below 1100 °C. However, at 1300 °C and 1450 °C, the 
amount of potassium captured by mullite became comparable to that of kaolin. 
3.1 Introduction 
Suspension-fired boilers (also called pulverized fuel combustion boilers) are increasingly 
used for production of power and heat from biomass.7, 67 Combustion of biomass in 
suspension-fired boilers can produce renewable, CO2-neutral electricity with a higher 
electrical efficiency compared with grate-fired boilers.4 However, during the combustion 
process of biomass, significant amounts of K-species, such as KOH, KCl and K2SO4, are 
released to gas phase in the boiler chamber, and this leads to deposit formation, corrosion19, 
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34, 39, 151-156 as well as de-activation of SCR (Selective Catalytic Reduction) catalysts.29, 30, 54, 55, 
57, 157 Ash deposition and corrosion problems may be mitigated by reducing the steam 
temperature in super heater and re-heater tubes. However, this will cause a reduced 
electrical efficiency of power plants.4, 11, 16, 18, 27  
To minimize the ash related problems in biomass combustion, different treatments and 
processing technologies have been developed, including use of alkali scavenging additives,14, 
83, 85, 86, 96, 136, 140, 158 co-combustion with other biofuels or fossil fuels,119, 120, 159-161 utilizing 
effective deposit removal techniques,63 and a combination of different thermo-chemical 
processes.65, 66 Among these, using additives is a promising option, primarily due to its high 
effectiveness and low requirements for boilers.  
The basic principle of additive addition is that the additives are injected to boilers to react 
with the problematic gaseous K-salts (such as KOH and KCl), forming K-species (such as K-
aluminosilicates, or K-sulfates) with low corrosivity and high melting temperatures.12, 14, 59, 67, 
82, 85, 87, 107, 128, 140, 158, 162, 163 Biomass firing additives can generally be categorized into Al-Si 
based, S-based, and P/Ca-based, according to the major elements present in the additives.67-
69, 82, 106, 129  
Kaolin60, 90, 93, 98, 164 and coal fly ash93 are typical Al-Si based additives for biomass 
combustion and have been studied in laboratory-scale experiments. In addition, coal fly ash 
has been utilized in full-scale biomass suspension-fired boilers in Denmark, and has been 
shown to have the capacity to significantly remedy deposition and corrosion problems.12, 14 
The mineralogical composition of coal fly ash is complex, including mainly mineral phases 
such as quartz, mullite, kaolinite, illite, siderite, etc.115, 118 Among these mineral phases, 
kaolinite is one of the most effective minerals for K-capture.165 Kaolinite is a layered 
aluminosilicate mineral with chemical formula of Al2Si2O5(OH)4. Kaolin is a kind of clay 
that is rich in kaolinite. Investigating the K-capture reaction by kaolin is important for 
obtaining an improved understanding of K-capture by coal fly ash. 
Kaolin undergoes complex transformation when being heated up. Above 450 °C, kaolin 
transfers into metakaolin via a dehydroxylation reaction as shown in reaction R 3.1.98 
Metakaolin is a type of amorphous aluminosilicate that reacts effectively with gaseous K-
salts.98 Metakaolin further transforms into spinel structure and amorphous SiO2 when it is 
heated to above 980 °C, see reaction R 3.2. Mullite starts to form at around 1100 °C, and its 
amount increases with temperature and time, according to reaction R 3.3.100 At 
temperatures above 1400 °C, needle shaped mullite grains are formed, and the size and the 
aspect ratio of the mullite grains increase with increasing calcination temperature.100 
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Generally, compared to metakaolin, mullite is believed to be less reactive for alkali 
capture.93 Thus the transformation of kaolin at high temperatures may influence the K-
capture reaction. To achieve the best K-capture results, kaolin should be injected into 
boilers at an optimal temperature window.   
𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 (𝑘𝑎𝑜𝑙𝑖𝑛) → 𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2 (𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 2𝐻2𝑂 (𝑔) (R 3.1) 
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) → 𝐴𝑙2𝑂3 ∙ 𝑆𝑖𝑂2 (𝑠𝑝𝑖𝑛𝑒𝑙) + 𝑆𝑖𝑂2(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) (R 3.2) 
3 (𝐴𝑙2𝑂3 ∙ 𝑆𝑖𝑂2) (𝑠𝑝𝑖𝑛𝑒𝑙) + 3 𝑆𝑖𝑂2(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) → 3𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2 (𝑚𝑢𝑙𝑙𝑖𝑡𝑒)
+ 4 𝑆𝑖𝑂2(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) 
(R 3.3) 
Alkali-capture, especially the Na-capture reaction by kaolin has been widely studied 
primarily due to its application for cleaning Na-species from hot flue gases in Combined 
Cycle Gas Turbine (CCGT) power plants76, 79, 101 and for dealing with ash-related problems in 
combustion of Na-rich low rank coals in power plant boilers.75, 96, 102, 103, 166 However, when it 
comes to biomass combustion, K-capture reaction is of greater concern, but it has been 
studied to a less extent.98  
Gas phase release and speciation of potassium depends on many factors including 
combustion conditions, fuel ash transformation chemistry, etc. In the combustion of 
biomass with high K but low Cl and S contents, KOH(g) is the dominant K-species in the 
high temperature flue gas.21, 167 When S and Cl are available, KCl and K2SO4 would be 
formed during the combustion process, but at high temperature, KCl and K2SO4 can also 
transfer into KOH in the presence of water.98  
KOH is a troublesome K-species and the main reactions involved for kaolin/metakaolin to 
capture KOH are shown in reaction R 3.4 and R 3.5.21 The two main products are kalsilite 
(KAlSiO4) and leucite (KAlSi2O6) with melting temperatures above 1600 °C and 1500 °C, 
respectively. Therefore, the melt-induced slagging and corrosion in biomass-fired boilers 
could be significantly mitigated by the use of kaolin.4, 27, 168 However, the kinetics and 
detailed knowledge on the KOH-capture reaction by kaolin is still limited, especially, for 
suspension combustion.  
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 2𝐾𝑂𝐻 → 2𝐾𝐴𝑙𝑆𝑖𝑂4 (𝑘𝑎𝑙𝑠𝑖𝑙𝑖𝑡𝑒) + 𝐻2𝑂 (R 3.4) 
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 2𝐾𝑂𝐻 + 2𝑆𝑖𝑂2 → 2𝐾𝐴𝑙𝑆𝑖2𝑂6 (𝑙𝑒𝑢𝑐𝑖𝑡𝑒) + 𝐻2𝑂 (R 3.5) 
To the author’s knowledge, the only literature available on alkali-capture by dispersed 
kaolin particles at suspension-fired conditions is the experimental study by Wendt and co-
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workers75, 92, 97 done in a 17-kW down-flow combustor which simulated the conditions in 
suspension-fired boilers. A sodium acetate solution was injected in the reactor to produce a 
Na vapor. The effect of temperature, residence time as well as the presence of sulfur and 
chlorine on the Na-capture reaction was studied. Results showed that the rate of NaOH 
adsorption was higher than that of NaCl, and they proposed that NaOH is the only reacting 
species in both cases. However, whether the kinetics of Na and K capture by kaolin are the 
same has not been established.93  
Gaseous KOH capture by kaolin pellets (around 1 mm) in a fixed bed was studied by 
Steenari and co-workers.98, 112, 113 They found that kaolin captured KCl more effectively than 
KOH, indicating that KCl and KOH can both react directly with kaolin. The KOH 
concentration was very low in these studies, with a typical KOH-concentration of 1.1 ppm, 
which is far below the K-concentration in biomass suspension-fired boilers.151 
The degree of conversion of kaolin to K-aluminosilicates may be limited by equilibrium 
constrains. In addition, the rate of reaction may be limited by the external and internal 
diffusion of the gaseous potassium species, and by the reaction kinetics. Typically, a 
decreased kaolin particle size and/or an increased residence time lead to an increased 
conversion to the products.  
At suspension-fired conditions, the reaction between gaseous KOH and dispersed kaolin 
particles may be affected by the local temperature, the additive particle size and 
composition, and the reaction time. Understanding the influence of different parameters on 
the K-capture reaction is crucial and helpful for providing recommendations for optimal 
utilization of kaolin and coal fly ash in full-scale boilers.  
The objective of this work is to develop a method to study the K-capture reactions by solid 
additives at well-controlled suspension-fired conditions, and to systematically investigate 
the impact of different parameters on the K-capture reaction by solid additives, such as 
reaction temperature, K-concentration/molar ratio of K/(Al+Si) in the reactant, kaolin 
particle size, gas residence time and the high temperature transformation of kaolin. The 
potassium capture reaction using kaolin was studied in this chapter and Chapter 4. This 
chapter focuses on the KOH capture by kaolin, and Chapter 4 focuses on the K-capture 
reaction by kaolin using KCl, K2CO3 and K2SO4. 
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3.2 Experimental 
The KOH capture experiments by kaolin were carried out in the DTU entrained flow reactor 
(EFR) which has been described in Chapter 2. Two sets of experiments were conducted: 
KOH evaporation experiments, and KOH-capture experiments using kaolin and mullite. 
The experimental conditions are summarized in Table 3-1.  
Table 3-1. Experimental conditions in the Entrained Flow Reactor (EFR). 
Experimental series Additives Temp./°C 
Gas 
residence 
time/s 
K-concentration 
/ppmv 
K/(Al+Si) 
(A) 
KOH evaporation 
experiments 
No additive 
800 
1.2 500 No Al, Si 
900 
1100 
1300 
1450 
(B) 
KOH-capture by kaolin 
(impact of K-concentration) 
normal kaolin 
(D50 = 5.47 
μm) 
1100 1.2 
50 0.048 
250 0.240 
500 0.481 
750 0.721 
1000 0.961 
(C) 
KOH-capture by kaolin 
(impact of temperature) 
normal kaolin 
(D50 = 5.47 
μm) 
800 
1.2 50, 500 
0.048, 
0.481 
900 
1100 
1300* 
1450 
(D) 
KOH-capture by kaolin 
(impact of residence time) 
normal kaolin 
(D50 = 5.47 
μm) 
800, 1100 
0.7 
500 0.481 
1.2 
1.5 
1.9 
(E) 
KOH-capture by kaolin 
(impact of kaolin particle 
size) 
fine kaolin 
(D50 = 3.51 
μm) 
900, 1100, 1300 
1.2 500 0.481 
normal kaolin 
(D50 = 5.47 
μm) 
800, 900, 1100, 
1300*, 1450 
coarse kaolin 
(D50 = 13.48 
μm) 
900, 1100, 1300 
(F) 
KOH-capture by mullite 
Mullite 
(D50 = 5.90 
μm) 
800, 900, 1100, 
1300, 1450 
1.2 500 0.471 
Note: *Experiments were repeated. 
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In the KOH evaporation experiments (series (A) in Table 3-1), KOH solution was injected 
into the EFR without solid additives, to study the evaporation and transformation behavior 
of KOH at high temperature. The concentration of KOH in the flue gas was kept at 500 
ppmv. The mass of solid samples collected in the cyclone and filter were weighted to study 
the vaporization of KOH. Additionally, the collected solid samples were analyzed with XRD 
to determine the transformation of KOH at high temperatures. 
In the KOH-capture experiments (experiment series B-F in Table 3-1), a slurry containing 
both KOH and kaolin/mullite was injected into the EFR. In all the KOH-capture 
experiments, the concentration of kaolin in the flue gas was kept constant, while the 
amount of KOH in the feeding slurry was adjusted. Thereby, the concentration of KOH in 
the flue gas was changed consequently. The KOH-concentration (K-concentration in Table 
2) in the flue gas was changed from 50 ppmv to 1000 ppmv, and the molar ratio of K/(Al+Si) 
in reactants was changed from 0.048 to 0.961 correspondingly. 
3.3 Results and discussion 
3.3.1 Evaporation and transformation of KOH in the EFR 
Equilibrium calculations as well as EFR experiments were conducted to investigate the 
evaporation and transformation of KOH at high temperatures. The mass fractions of the 
collected solid products in cyclone and filter are shown in Figure 3-1 (A). The results of 
corresponding equilibrium calculations are shown in Figure 3-1 (B). 
  
(A) EFR experiments (B) Equilibrium calculation 
Figure 3-1. (A) Mass distribution of solid samples collected in cyclone and filter from KOH 
evaporation experiments; (B) Equilibrium calculation results of KOH evaporation under 
conditions of experimental series A of Table 3-1. 
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In the EFR sampling system, the large particles were collected in the cyclone, while the 
aerosols were collected in the filter. When the K-salts were completely vaporized in the 
reactor and then cooled down in the extraction probe, aerosols would form and all solid 
products would be collected in the filter. If some of the salt particles generated from 
evaporation of slurry droplets were not fully vaporized, both aerosols and some larger 
particles would be present, resulting in some solid material being collected also by the 
cyclone. The experimental data in Figure 3-1 (A) indicate that a complete vaporization of 
KOH was obtained at 1100 °C. At 800 and 900 °C, the mass fraction of samples collected in 
the cyclone was 2.0 % and 1.5 %, respectively, indicating that a small amount of KOH not 
evaporated. This is in agreement with the equilibrium calculations (Figure 3-1 (B)), which 
predicted that the majority of KOH appeared as vapor at temperatures above 820 °C.  
XRD analysis of the solid samples collected from the KOH evaporation experiments showed 
that K2CO3∙1.5H2O is the only product. The is probably because, during cooling, gaseous or 
condensed KOH reacts with CO2 to form K2CO3, which then absorbs moisture from the air 
forming K2CO3∙1.5H2O. 
3.3.2 Representativeness of solid product samples 
The solid products from the EFR experiments, including samples from the sampling probe, 
cyclone and filter, were carefully collected. For each experiment, the collected solid products 
corresponded to about 58 % to 75 % of the theoretical amount solid samples extracted by 
the probe. The rest were lost, mainly by deposition on the inner wall of the reactor tube.169  
 
Figure 3-2. Comparison of K/(Al+Si) in collected solid products and that of fed reactants. 
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samples were checked. This was done by comparing the molar ratio of K/(Al+Si) in the 
products with that of the fed reactants. The results based on ICP-OES analysis are shown in 
Figure 3-2. The molar ratios of K/(Al+Si) in the collected solid samples are nearly identical 
to those of the reactants, implying that the solid product samples are representative. 
3.3.3 Evolution of kaolin in the EFR  
Slurries of normal kaolin (D50 = 5.47 μm) without and with KOH were fed into the EFR at 
1300 °C, where the residence time was 1.2 s. XRD and SEM-EDX were utilized to study the 
mineralogical and morphological evolutions of kaolin during the reaction with KOH. The 
XRD spectra of the raw kaolin, the dehydroxylated kaolin (i.e. product of kaolin fed into the 
EFR without KOH), mullite, and the water-washed KOH-captured kaolin samples are 
compared in Figure 3-3.  
 
Figure 3-3. XRD spectra of raw, dehydroxylated, KOH-reacted kaolin. (a) 500 ppmv KOH-
reacted kaolin; (b) mullite (1100 °C, 24 hours); (c) dehydroxylated kaolin; (d) raw kaolin. For 
sample (a) and (c), reaction temperature in the EFR was 1300 °C, and the gas residence time 
was 1.2 s. 
The results show that only mullite and quartz were detected in the dehydroxylated kaolin 
(Figure 3-3 c); no kaolinite was detected. This reveals that at 1300 °C, with a residence time 
of 1.2 s, all kaolinite from raw kaolin has decomposed completely. However, the peaks 
corresponding to mullite of the dehydroxylated kaolin are obviously weaker compared to 
the peaks of the mullite powder (Figure 3-3 b). This shows that not all the decomposed 
10 20 30 40 50 60 70 80 90 100
Two-Theta (deg)
x10 3^
2.0
4.0
6.0
8.0
10.0
12.0
In
te
n
s
it
y
(C
o
u
n
ts
)
2θ (degrees)
In
te
n
si
ty
 (
co
u
n
ts
)
Kp - kaliophilite  KAlSiO4 
Kl  - kaolinite  Al2Si2O5(OH)4
Q   - quartz SiO2
M  - mullite 3Al2O3·2SiO2
Kp
Kp
Q
Kp
Kp
KpKp
Kp Kp
(a)
M
M
Q M M M
Q
M
M (c)
Q
Kl
Kl
Q
Kl
Q
KlKl
Kl
Q Kl Kl
Kl
(d)
(b)
M Q
M
M M
M
M
M M
MM
M
M
M
M
M M
Potassium Capture by Kaolin and Coal Fly Ash        Ph.D. Thesis 
36 
kaolinite was converted to crystalline mullite with some remaining as amorphous species, 
like metakaolin and amorphous silica.100 In the water washed KOH-reacted kaolin (Figure 
3-3 a), crystalline kaliophilite (KAlSiO4) was detected, as the reaction product of kaolin and 
KOH at high temperatures (1300 °C) in the EFR.  
The SEM images of raw kaolin, the dehydroxylated kaolin and water-washed KOH-reacted 
kaolin are compared in Figure 3-4. It is seen that raw kaolin particles are all in a form of an 
irregular flaky shape, while the dehydroxylated kaolin particles are slightly more spherical 
but kept the original inner flaky structure. The flaky structure indicates that no significant 
melting took place at 1300 °C, in agreement with the reported mullite melting point of 
1830 °C.170 For the KOH-reacted kaolin sample, some spherical particles with smooth 
surface were observed, showing the particles experienced melting in the EFR. Since the 
kaliophilite (KAlSiO4) detected in the KOH-reacted solid product has a melting point of 
1800 °C,97 it is mostly likely some amorphous products with low melting point were formed 
as well.  
  
(A) Raw kaolin (B) Dehydroxylated kaolin 
 
 
(C) KOH-reacted kaolin  
Figure 3-4. (A) SEM images of raw kaolin; (B) dehydroxylated kaolin (without KOH fed at 
1300 °C, residence time was 1.2 s); and (C) water-washed KOH-reacted kaolin (500 ppmv 
KOH by kaolin at 1300 °C, residence time was 1.2 s, K/(Al+Si) in reactant is 0.481). 
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Water-washed KOH-reacted kaolin (Figure 3-4 (C)) was analyzed with SEM-EDX to get the 
elemental composition. The result shows that the molar ratio of K:Al:Si is 1:1.18:1.37, i.e., with 
extra Si compared to the chemical formula of kaliophilite (KAlSiO4). This is attributed to the 
presence of quartz (SiO2), which was also detected with the XRD analysis. It could also be 
due to the formation of some amorphous Si-species, which cannot be detected by XRD 
analysis. 
3.3.4 KOH capture by kaolin 
3.3.4.1 Equilibrium calculations 
Equilibrium calculations were carried out for the same conditions as in the EFR, but with a 
wider temperature range from 500 °C to 1800 °C. The influence of both the KOH 
concentration and thereby the molar K/(Al+Si) ratio in the reactants, and the reaction 
temperature was studied by the calculations. A summary of the equilibrium calculation 
results is shown in Table 3. The detailed results are available in Appendix C.  
The results in Table 3-2 indicate that the main K-aluminosilicate species formed from the 
reaction between KOH and kaolin varies with the molar ratio of K/(Al+Si) in the input. At 
800-1450 °C, with 50 ppmv KOH, sanidine (KAlSi3O8) is the main aluminosilicate product 
with K:Al:Si = 1:1:3; With 250 ppmv KOH, both sanidine (KAlSi3O8) and leucite (KAlSi2O6) 
are major K-aluminosilicates; while with 500-1000 ppmv KOH, kaliophilite (KAlSiO4) with 
K:Al:Si = 1:1:1 became the dominating K-aluminosilicate. 
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3.3.4.2 Impact of the potassium concentration 
The experimental K-capture level (CK) and K-conversion (XK) are compared with the 
estimations from equilibrium calculations in Figure 3-5. The KOH-concentration in the flue 
gas varied from 50 ppmv to 1000 ppmv, while the reaction temperature was kept constant 
at 1100 °C. The experimental data followed a similar trend but was slightly lower as 
compared to the equilibrium prediction. When the KOH concentration increased from 50 
ppmv to 500 ppmv, the K-capture level (CK) by kaolin increased from 0.022 g K/ (g kaolin) 
to 0.227 g K/ (g kaolin). However, no obvious increase of CK is observed when the KOH 
concentration increased further to 750 and 1000 ppmv. This is probably because the active 
compound in kaolin has been fully converted into K-aluminosilicates, while the increased 
KOH remained unreacted. The equilibrium constrain can explain the decrease of K-
conversion (XK). XK decreased slightly from 95.8 % to 84.6 % when the KOH concentration 
increased from 50 ppmv to 500 ppmv, while XK decreased sharply when the KOH 
concentration increased from 500 ppmv to 1000 ppmv as shown in Figure 3-5 (B). 
  
(A) K-capture level (CK) (B) K-conversion (XK) 
Figure 3-5. K-capture level (CK) and K-conversion (XK) of KOH-capture by normal kaolin 
(D50 = 5.47 μm) at different KOH concentrations from 50 ppmv to 1000 ppmv (molar 
K/(Al+Si) ratio in reactants varied from 0.048 to 0.961). Reaction temperature was 1100 °C 
and gas residence time was 1.2 s. 
The XRD spectra of the water-washed KOH-reacted kaolin at 50, 250 and 500 ppmv KOH 
are compared in Figure 3-6. The spectra at 750 ppmv and 1000 ppmv were similar to that at 
500 ppmv and are not included. The results show that in the 50 ppmv-KOH product, only 
quartz and mullite were detected as the main crystalline phases. No crystalline K-
aluminosilicate was detected in the sample, although sanidine (KAlSi3O8) was predicted by 
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the equilibrium calculations as shown in Table 3-2. This is probably because the 
concentration of K-aluminosilicates is low and/or they remained in an amorphous state, 
which cannot be detected. The 250 ppmv KOH spectrum shows that leucite (KAlSi2O6) with 
a molar ratio of K:Al:Si = 1:1:2 was the main K-aluminosilicate, while kaliophilite (KAlSiO4) 
with a molar ratio of K:Al:Si = 1:1:1 became the main K-aluminosilicate at 500 ppmv KOH. 
The XRD analysis results generally agree with the equilibrium calculations shown in Table 
3-2. 
 
Figure 3-6. XRD spectra of water-washed KOH-reacted kaolin at 50, 250 and 500 ppmv 
KOH. The reaction temperature was 1100 °C, the molar ratio of K/(Al+Si) was 0.048, 0.240 
and 0.481 and the gas residence time was 1.2 s. 
3.3.4.3 Impact of reaction temperature 
The K-capture level (CK) and K-conversion (XK) obtained at different reaction temperatures 
(800-1450 °C) and two different KOH concentrations (50 ppmv and 500 ppmv) were 
compared with the equilibrium calculation results in Figure 3-7. Figure 3-7 (A) and (B) show 
that, at 500 ppmv KOH, the K-capture level (CK) increased from 0.166 g K/(g kaolin) to 
0.241 g K/(g kaolin) by 43.6 %, when the reaction temperature increased from 800 °C to 
1300 °C. The K-conversion (XK) increased from 62.1 % to 89.1 %, correspondingly. However, 
when the temperature was increased further to 1450 °C, CK and XK decreased to 0.198 g K/(g 
kaolin) and 74.0 % respectively.  This is caused by a change in the equilibrium products 
with a decreased amount of kaliophilite (KAlSiO4) and an increased amount of leucite 
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(KAlSi2O6) at high temperatures. At 1300 °C and 1450 °C, the K-capture level (CK) is close to 
the equilibrium calculation value. At 1100 °C and below, the K-capture levels (CK) are below 
the equilibrium levels, implying the process is kinetic controlled. 
  
(A) CK at 500 ppmv KOH (B) XK at 500 ppmv KOH 
  
(C) CK at 50 ppmv KOH (D) XK at 50 ppmv KOH 
Figure 3-7. K-capture level (CK) and K-conversion (XK) of KOH capture by normal kaolin 
(D50 = 5.47 μm) at temperatures from 800 to 1450 °C. KOH-concentration was 500 ppmv, 
and molar K/(Al+Si) ratio was 0.481 in (A) and (B); KOH-concentration was 50 ppmv, molar 
K/(Al+Si) ratio was 0.048 in (C) and (D). Gas residence time was 1.2 s for all experiments, 
and equilibrium calculation results included for comparison. 
Figure 3-7 (C) and (D) show that at 50 ppmv KOH, the K-capture level (CK) was predicted to 
be 0.023 g K/(g additive), by the equilibrium calculations, and the predicted K-conversion 
(XK) was higher than 99.2 % through the whole temperature range. At temperatures above 
1100 °C, the experimental CK and XK were close to the equilibrium calculations. At 800 °C 
and 900 °C, the experimental result is slightly lower than the value predicted by the 
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42 
equilibrium calculations. The only K-aluminosilicate predicted by the calculations is 
sanidine (KAlSi3O8) with a molar ratio of K:Al:Si = 1:1:3. 
The water-washed 500 ppmv KOH-reacted kaolin samples were subjected to XRD analysis, 
with the spectra shown in Figure 3-8. It shows that with the temperature increased from 
800 to 1450 °C, the peaks of kaliophilite (KAlSiO4) increased significantly. The results 
indicate that either kaliophilite was generated in larger quantities or that it became more 
crystalline with the increasing temperature or due to a faster cooling rate in the sampling 
system. No other crystalline K-aluminosilicate product was detected, although leucite 
(KAlSi2O6) was also predicted by the equilibrium calculations. The formation of kaliophilite 
was also observed in experimental studies by Steenari and her co-workers.59 Kalsilite 
(KAlSiO4), a polymorph of kaliophilite was also widely reported in previous studies.
74, 97, 98, 113 
At 800 °C and 900 °C, no clear signal of K-aluminosilicate was detected by XRD. This is 
probably because the formed K-aluminosilicate existed in an amorphous form at lower 
temperatures. Kaolinite was detected in the 800 and 900 °C solid products, indicating an 
incomplete dehydroxylation of kaolin at temperatures below 900 °C in the EFR. 
 
Figure 3-8. XRD spectra of water-washed solid samples from the experiments of KOH 
capture by normal kaolin (D50 = 5.47 μm) at different reaction temperatures, from 800 °C to 
1450 °C. KOH concentration was 500 ppmv, (K/(Al+Si) = 0.481) and the gas residence time 
was 1.2 s. 
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3.3.4.4 Impact of gas residence time 
The impact of gas residence time on the KOH-capture reaction was investigated at 800 °C 
and 1100 °C. At 800 °C, the gas residence time varied from 1.2 s to 1.9 s, while at 1100 °C, it 
was changed from 0.7 s to 1.7 s. In all experiments, the KOH-concentration in the flue gas 
and the molar ratio of K/(Al+Si) in the reactants were kept constant, at 500 ppmv and 0.481, 
respectively. The experimental results were compared to the equilibrium calculation results 
in Figure 3-9. 
  
(A) 800 °C (B) 1100 °C 
Figure 3-9. K-capture level (CK) of KOH capture by the normal kaolin (D50 = 5.47 μm) at 
different gas residence times. Reaction temperature was 800 °C (A) and 1100 °C (B) 
respectively, and the KOH-concentration was 500 ppmv (K/(Al+Si) = 0.481). Equilibrium 
calculation results are included for comparison. 
At 800 °C, as shown in Figure 3-9 (A), when the gas residence time increased from 1.2 s to 
1.9 s, K-capture level (CK) increases by 25.4 % from 0.166 g K/g kaolin to 0.209 g K/g kaolin. 
However at 1100 °C, when the gas residence time increased from 0.7 s to 1.2 s, CK increased 
by 7.6 %, from 0.211 to 0.227 g K/g kaolin. When the gas residence time increased further 
from 1.2 s to 1.7 s, CK increased to 0.236 by 4.1 %. 
In summary, the KOH-capture reaction by kaolin reached equilibrium at temperatures of 
1300 °C and 1450 °C, with a gas residence time of 1.2 s and a kaolin particle size of D50 = 5.47 
μm. At 1100 °C with a residence time of 1.7 s, the reaction is close to the equilibrium. 
However, at 800 °C, CK is obviously further away from the equilibrium even with a longer 
residence time of 1.9 s, showing that the reaction is more kinetically or diffusion controlled 
at 800 °C. 
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3.3.4.5 Impact of kaolin particle size 
The K-capture level (CK) of fine kaolin, normal kaolin and coarse kaolin at 800-1450 °C were 
compared to the equilibrium calculation results in Figure 3-10. Generally, the results show 
that at 900-1300 °C fine kaolin and normal kaolin behaved similarly, and CK did not 
increase when the D50 of kaolin particle size decreased from 5.47 μm to 3.51 μm. For coarse 
kaolin, CK is similar as that of normal and fine kaolin at 900 °C. However it became lower 
than the CK of normal and fine kaolin at 1100 and 1300 °C. This indicates that the conversion 
at 1100 and 1300 °C is partly limited by the transport processes, at least for the coarse kaolin. 
However, at 800 and 900 °C the reaction appears to be kinetically limited. 
 
Figure 3-10. K-capture level (CK) of KOH capture by kaolin of different particle size: fine 
kaolin (D50 = 3.51 µm), normal kaolin (D50 = 5.47 µm) and coarse kaolin (D50 = 13.48 µm). 
KOH concentration was 500 ppmv (molar ratio of K/(Al+Si) in reactant was 0.481), and gas 
residence time was 1.2 s. Equilibrium calculations are included for comparison. 
3.3.4.6 KOH capture by mullite 
The KOH capture level of mullite (D50 = 5.90 μm) was compared with that of normal kaolin 
(D50 = 5.47 μm) in Figure 3-11, at reaction temperatures of 800-1450 °C, gas residence time 
of 1.2 s and a KOH concentration of 500 ppmv. The EFR experimental results show, that at 
low temperatures (800-1100 °C), CK of mullite is much lower than that of kaolin. This is 
probably partly because the BET surface area of mullite is smaller than that of kaolin (shown 
in Table 2-1) and thereby limited the internal KOH transport in the particles. On the other 
hand, the kinetics of the mullite-KOH reaction is probably slower than that of the kaolin-
KOH reaction. At 1300 °C and 1450 °C, CK of mullite increased significantly, and at 1450 °C, 
the value is close to that of the normal kaolin. This is probably because at high temperatures 
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(1300 and 1450 °C), the KOH-reacted mullite particles are melted, and the KOH diffusion 
mechanism changed from a slow gas-solid diffusion to a faster gas-liquid diffusion which 
improved the transport of KOH inside the mullite particles. A similar phenomenon was 
observed by Zheng et al., when the KCl capture by mullite pellets was studied in a fixed bed 
reactor.93 
 
Figure 3-11. Comparison of K-capture level (CK) of KOH capture by kaolin and mullite. 
Reaction temperature changed from 800 °C to 1450 °C. KOH concentration was 500 ppmv 
(K/(Al+Si) = 0.481), and gas residence time was 1.2 s. Equilibrium calculation results for 
kaolin are included for comparison. 
3.4 Conclusions 
The impact of different parameters, including the potassium concentration in flue gas 
(molar ratio of K/(Al+Si) in reactants), the reaction temperature, the residence time, the 
kaolin particle size, as well as the high temperatures phase transformations of kaolin, on the 
KOH-capture reaction at suspension fired conditions was investigated. The reaction was 
studied by performing experiments in an entrained flow reactor and chemical equilibrium 
calculations. 
The K-capture level (CK) increased significantly when the KOH-concentration increased 
from 50 to 500 ppmv, corresponding to an increase in the molar K/(Al+Si) ratio from 0.048 
to 0.481, whereas no obvious increase was observed when KOH-concentration increased 
further to 750 ppmv and 1000 ppmv. Leucite (KAlSi2O6) was formed at 250 ppmv KOH 
(K/(Al+Si) = 0.240). While at 500 ppmv KOH and above (K/(Al+Si) ≥ 0.481), kaliophilite 
(KAlSiO4) was formed as the dominant product. 
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A nearly full conversion of kaolin (D50 = 5.47 μm) was obtained without kinetic or transport 
limitations at temperatures above 1100 °C with the applied conditions (residence time of 1.2 
s, and a KOH concentration of 500 ppmv). However, at 800 and 900 °C, the experimental 
data were considerably lower than the equilibrium predictions, and the K-capture level 
increased significantly when the gas residence time increased, implying the reaction is 
probably kinetically controlled. The optimal temperature window for injecting kaolin for K-
capture at suspension-fired conditions is 1100-1300 °C. Crystalline kaliophilite (KAlSiO4) 
was detected by XRD analysis at 1100 °C or above, while at 800 and 900 °C, amorphous K-
aluminosilicate was formed. 
Fine kaolin powder (D50 = 3.51 μm) and normal kaolin powder (D50 = 5.47 μm) behaved 
similarly in terms of K-capture level (CK), while coarse kaolin (D50 = 13.48 μm) showed a 
considerably smaller K-capture level at 1100 and 1300 °C. This is probably because KOH 
diffusion into the kaolin particles became a limiting factor for the coarse kaolin at 1100 °C 
and above. At 900 °C, where the difference was smaller, the reaction is more kinetically 
controlled and the additive particle size did not influence the reaction significantly with the 
applied particle sizes. 
Mullite captured KOH less effectively compared to kaolin at temperatures below 1100 °C. 
However CK of mullite increased significantly at 1300 and 1450 °C. At 1450 °C, the K-capture 
level of mullite is comparable to that of kaolin.  
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Potassium Capture by Kaolin, 
 Part 2: K2CO3, KCl, and K2SO4 
 
4 Potassium Capture by Kaolin, Part 2: KCl, K2CO3, and K2SO4 
Abstract: The reaction of kaolin powder with K2CO3, KCl and K2SO4 at suspension-fired 
conditions was studied by entrained flow reactor experiments and equilibrium calculations. 
The influence of reaction temperature, K-concentration in the flue gas, molar ratio of 
K/(Al+Si) in the reactants, and gas residence time on the reaction was investigated. The 
results showed that the K-capture level (CK) of K2CO3 and KCl by kaolin generally followed 
the equilibrium predictions at temperatures above 1100 °C, when using a kaolin particle size 
of D50 = 5.47 μm and a residence time of 1.2 s. This revealed that a nearly full conversion was 
obtained without kinetic or transport limitations at the conditions applied. At 800 and 900 
°C, the measured conversions were lower than the equilibrium predictions, indicating that 
the reactions were either kinetically or diffusion controlled. The measured CK of K2SO4 by 
kaolin was much lower than the equilibrium predictions. Kaliophilite (KAlSiO4) product was 
predicted by the equilibrium calculations of the K2SO4 capture reaction; however the XRD 
analysis results revealed that leucite (KAlSi2O6) was formed. Compared with the CK of KOH 
reacting with kaolin, the CK of K2CO3 was similar, while the CK value of KCl and K2SO4 were 
both lower. 
4.1 Introduction 
The Danish government plans to phase out coal from power plants by 2030, mainly through 
promoting wind energy and replacing coal with biomass in power plants.171 Suspension-
firing of biomass can provide CO2-neutral electricity with higher efficiency compared to 
traditional grate-firing.67 However, ash-related problems have sometimes hampered the 
utilization of biomass in suspension-fired power plants.  
Potassium is present naturally in plant materials and it is the main cause for most ash-
related problems,11, 36, 153, 172 including deposition,15, 49, 151, 156 corrosion52, 173 and SCR catalyst 
deactivation in biomass-fired boilers.29, 54, 57 During biomass combustion, potassium is 
released to gas phase in different forms depending on the ash chemistry of the fuels and 
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combustion conditions. K-species including KOH, K2CO3, KCl and K2SO4 have been 
detected in the ash from biomass-fired boilers.11, 12, 19, 131, 174-177 In the combustion of woody 
biomass with a low fuel Cl and S content, potassium may appear as K2CO3 and KOH in the 
flue gas.21 However, when Cl and S are available, like in the case of herbaceous biomass 
combustion, KCl and K2SO4 become the dominant K-containing compounds.
21, 125 KCl and 
K2SO4 have melting temperatures of around 770 °C and 850 °C, respectively. The binary 
system of KCl and K2SO4 may melt at as low as 690 °C forming sticky surface on heat 
transfer surfaces.33 The melted K-salts can function as a glue and accelerate the formation of 
ash deposit. Additionally, the deposited KCl can cause severe corrosion.28 When the flue gas 
is cooled down, the condensation of KCl and K2SO4 forms aerosols that can poison SCR de-
NOx catalysts and thereby impede the plant NOx removal system.
29, 54, 57 The efficiency and 
availability of biomass-fired boilers can be decreased due to problems caused by the 
potassium-rich biomass ash.4, 34, 37 
Injecting additives to capture and transfer the volatile potassium species into less corrosive 
compounds with a higher melting point is an option to reduce biomass ash related 
challenges.12, 14, 78, 106 Kaolin and coal fly ash have been identified as effective potassium-
capture additives for biomass combustion.178, 179 Kaolin is a kind of clay that is rich in a 
layered aluminosilicate mineral – kaolinite (Al2Si2O5(OH)4). Coal fly ash often contains 
mullite (3Al2O3∙2SiO2) as the main mineral phase.
115 Kaolinite and mullite can react with 
volatile alkali species and bind alkali in alkali-aluminosilicate species.12, 74 
When kaolin is heated, it decomposes and transfers into metakaolin above 450 °C.180, 181 
Metakaolin can capture gaseous potassium species such as KOH, KCl and K2SO4. Using KCl 
as an example, metakaolin react with KCl forming K-aluminosilicate, releasing HCl into the 
gas phase, see reaction R 4.1 and R 4.2.98, 112, 113 K-aluminosilicate has a higher melting point 
compared to KOH, KCl and K2SO4 and thereby the potassium becomes less problematic for 
the boiler operation. Coal fly ash with mullite as the main mineral phase, can react with 
volatile K-species in a similar way as kaolin.12, 118, 147, 148, 182, 183 
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 2𝐾𝐶𝑙 + 𝐻2𝑂 → 
2𝐾𝐴𝑙𝑆𝑖𝑂4(𝑘𝑎𝑙𝑠𝑖𝑙𝑖𝑡𝑒/𝑘𝑎𝑙𝑖𝑜𝑝ℎ𝑖𝑙𝑖𝑡𝑒) + 2𝐻𝐶𝑙 (𝑔) 
(R 4.1) 
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 2𝑆𝑖𝑂2 + 2𝐾𝐶𝑙 + 𝐻2𝑂 →
2𝐾𝐴𝑙𝑆𝑖2𝑂6 (𝑙𝑒𝑢𝑐𝑖𝑡𝑒) + 2𝐻𝐶𝑙(𝑔)
 (R 4.2) 
Kaolin has been tested in a large-scale CFB boilers as an additive to prevent alkali-related 
problems.53 With the addition of kaolin, the amount of water soluble K and Cl in the fly ash 
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was significantly decreased, and the bed agglomeration temperature was increased.53 Coal 
fly ash has been commercially utilized in full-scale biomass suspension-fired boilers in 
Denmark.12, 14, 184 In order to optimize the use of these additives in biomass suspension-fired 
boilers, a thorough understanding of the reaction of these additives with different volatile 
potassium species is wanted. 
Alkali capture by kaolin has been studied previously.74-76, 93, 98, 113 Shadman and co-workers 
studied the reaction of gaseous NaCl and KCl with kaolin flakes in a fixed bed reactor. 74, 76, 
78, 79, 123 The results showed that kaolin captured NaCl and KCl irreversibly through chemical 
reaction. The reaction was diffusion-influenced under the studied conditions (800 °C, 
kaolin flakes with a thickness of 0.5 mm, and a residence time of 40 hours). A weight 
increase of 26.6 % of saturated kaolin flakes was observed by the NaCl-kaolin reaction.78  
In the study by Zheng et al.,93 the kinetics of gaseous KCl capture by kaolin pellets with a 
diameter of 1.5 mm was investigated in a fixed bed reactor. The influence of oxygen content 
(0-20 %), water content (0-3 vol. %), KCl concentration (0-1600 ppmv), as well as the 
reaction temperature (900-1500 °C) on the reaction was studied. It was shown that the 
diffusion of KCl inside the kaolin pellets was the rate-controlling step of the reaction at the 
studied conditions. The reaction temperature posed a significant impact on the KCl-capture 
reaction under the studied conditions. The K-capture level of kaolin decreased with 
exposure temperature up to 1300 °C and then increased with further increasing the exposure 
temperature to 1500 °C. This is because at 900-1300 °C, sintering of kaolin pellets took 
place, resulting in a gradual replacement of fast gas diffusion by slow condensed-state 
diffusion. At temperatures above 1300 °C, a partially molten phase was formed inside the 
pellets; as a result the liquid diffusion improved the transport of KCl.93 
In a fixed bed study by Tran et al.,98, 112, 113 the K-capture reaction by kaolin flakes with a 
diameter of 0.5-2 mm was studied in a fixed bed reactor equipped with an alkali detector. 
The reaction temperature was in the range of 750-950 °C. The results revealed that 
potassium is captured by kaolin not only via chemical adsorption, but also physical 
adsorption. The comparison of results using KOH, KCl and K2SO4 show that the total 
absorption rate of KCl by kaolin was slightly higher than that of KOH, while the absorption 
rate of K2SO4 was significantly lower than that of KOH and KCl at the studied conditions. 
The studies mentioned above were all conducted in fixed bed reactors where kaolin was 
present in the form of pellets or flakes, and the reaction time was as long as hours. The 
reaction conditions differ significantly from those in suspension fired boilers, where kaolin 
particles are well dispersed and the reaction time is only a few seconds.14, 24 Additionally, 
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alkali species and kaolin may be exposed to flame temperature as high as 1700 °C.4, 24 The 
reaction of K-species with kaolin at suspension-firing conditions takes place between 
condensed-phase kaolin particles (solid or melted) and the gaseous potassium species.59, 107 
The reaction may be influenced by external and internal diffusion, kinetic limitations and 
chemical equilibrium.93, 98 To the authors’ knowledge, quantitative study on K-capture by 
kaolin at suspension-fired conditions is not available, and no previous study is published 
where the influence of alkali species (KCl, KOH, K2CO3 and K2SO4) on the reaction with 
kaolin at suspension-fired conditions is investigated and compared. 
Wendt and co-workers studied the gaseous sodium capture reaction by kaolin at suspension 
fired conditions using a 17-kW down flow combustor. The results showed that the capture 
rate of NaOH was obviously higher than that of NaCl. They proposed that NaOH was the 
only reacting species in both cases.75, 97 However, whether the kinetics of Na-species and K-
species capture by kaolin are the same has not been established. 
In Chapter 3,185 we have investigated the reaction between KOH and kaolin at suspension-
fired conditions in the temperature range of 800-1450 °C. It was shown that 1 g kaolin 
reacting with gas phase KOH can capture up to 0.22 g K in the temperature range of 1100-
1300 °C, with a kaolin particle size of D50 = 5.47 μm and a residence time of 1.2 s. At the 
applied conditions, the KOH conversion could be reasonably predicted by equilibrium 
calculations at temperatures above 1100 °C.185  
The aim of this chapter is to get a thorough understanding of the K-capture reaction by 
kaolin under suspension-fired conditions so as to minimize or avoid ash-related problems 
caused by K-species during combustion of K-rich biomass fuels. More specifically, the 
objective is to understand the influences of the molar ratio of K/(Al+Si) in reactants, K-
concentration, reaction temperature and K-species type on the K-capture reaction using 
kaolin at suspension-firing conditions. 
4.2 Experimental 
The experiments were conducted in the DTU entrained flow reactor (EFR) which is 
described in Chapter 2. The experimental conditions are summarized in Table 4-1. Two 
series of experiments were conducted in the EFR: K-salt vaporization experiments and K-
capture experiments using kaolin. The experimental conditions are summarized in Table 
4-1. In the K-salt vaporization experiments (series A in Table 4-1), solutions of K2CO3, KCl 
and K2SO4 respectively were fed into the EFR without kaolin, to study the vaporization and 
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transformation of K2CO3, KCl and K2SO4 at high temperatures. The concentration of KCl 
was kept at 500 ppmv, while K2CO3 and K2SO4 were kept at 250 ppmv to maintain the same 
K-concentration in the flue gas. The solid samples in the cyclone and filter were carefully 
collected, weighted and stored for further analysis. 
Table 4-1. Experimental conditions of the EFR experiments. 
Experimental series K-species Additives Temp./°C 
Gas residence 
time/s 
K in gas 
/ppmv 
K/(Al+Si) 
(A) 
 K-salt vaporization 
experiments 
K2CO3 
No 
additive 
800, 900, 
1100, 1300, 
1450 
1.2 500 No Al, Si KCl 
K2SO4 
(B) 
K2CO3-capture by 
kaolin (impact of 
K-concentration) 
K2CO3 kaolin 1100 1.2 
50 0.048 
500 0.481 
1000 0.961 
(C) 
K2CO3-capture by 
kaolin (impact of 
temperature) 
K2CO3 kaolin 
800 
1.2 500 0.481 
900 
1100 
1300 
1450 
(D) 
KCl-capture by 
kaolin (impact of 
K-concentration) 
KCl kaolin 1300 
1.0-1.2  
 
50* 0.048 
250* 0.240 
500* 0.481 
750 0.721 
1000 0.961 
(E) 
KCl-capture by 
kaolin (impact of 
temperature) 
KCl kaolin 
800 
1.0-1.2 50, 500 
0.048, 
0.481 
900 
1100 
1300* 
1450 
(F) 
KCl-capture by 
kaolin (impact of 
residence time) 
KCl kaolin 1100, 1300 
0.6 
500 0.481 
0.8 
1.2 
1.9 
(G) 
K2SO4-capture by 
kaolin (impact of 
K-concentration) 
K2SO4 kaolin 1100 1.2 
50 0.048 
500 0.481 
1000 0.961 
(H) 
K2SO4-capture by 
kaolin (impact of 
temperature) 
K2SO4 kaolin 
800 
1.2 500 0.481 
900 
1100 
1450 
Note: *Experiments were repeated. 
In the K-capture experiments (series B-H in Table 4-1), KCl, K2CO3 and K2SO4 were fed into 
the EFR together with kaolin, respectively. The impact of K-concentration, molar ratio of 
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K/(Al+Si) in reactants, reaction temperature, and gas residence time on the K-capture 
reaction was investigated. In the K-capture experiments, the concentration of kaolin in the 
flue gas inside the EFR was kept constant. While the concentration of K-salts in the flue gas 
was varied, and the molar K/(Al+Si) ratio in the reactants changed consequently. The K-
concentration in the flue gas was varied from 50 ppmv to 1000 ppmv, and the molar 
K/(Al+Si) ratio in the reactants changed from 0.048 to 0.961 correspondingly. For each 
experiment, solid products were carefully collected from the cyclone and filter. The 
representativeness of the collected solid samples was examined by comparing the molar 
ratios of K/(Al+Si) in collected solid samples with that of the fed reactants.  
4.3 Results and discussion 
4.3.1 Vaporization and transformation of K-salts 
The vaporization and transformation of K2CO3, KCl, and K2SO4 at high temperatures may 
affect the K-capture reaction, and it was studied at the conditions shown in series (A) of 
Table 4-1. K-species (K2CO3, KCl and K2SO4) entered into the EFR in a form of slurry 
droplets. When water in these droplets evaporated, condensed phase K-salts were formed, 
which could be vaporized to gas phase or stay as condensed phase in the reactor. If all the K-
salts are vaporized, aerosols will be formed and captured only by the filter. If the K-salts are 
not fully vaporized, the condensed K-salts can generate some larger particles being collected 
by the cyclone. The mass fraction of the solid samples collected in the cyclone and filter is 
shown in Figure 4-1 (A, B and C). Results of corresponding equilibrium calculations were 
shown in Figure 4-1 (D, E and F). 
For K2CO3, the experimental results reveal that, at temperatures ≥ 1100 °C, all solid samples 
were captured by the filter, implying a complete vaporization was obtained. At 800 °C and 
900 °C, 1.6 % and 2.7 % of the product samples was captured by the cyclone, respectively. 
An increase of CO2 concentration by 262 ppmv in flue gas was observed at 1100 °C and 
above, corresponding to a complete decomposition of K2CO3 forming KOH and CO2. This 
also indicates that the recarbonation of KOH during the gas cooling process is negligible, 
probably due to the fast cooling rate and the short residence time. At 800 and 900 °C, the 
CO2 concentration increased by 122 ppmv and 213 ppmv, showing a decomposition fraction 
of 48.8 % and 85.2 %, respectively. However, XRD analysis of the collected solid samples 
showed that K2CO3∙1.5H2O is the only solid product collected from the K2CO3 vaporization 
experiments. The results imply that, the KOH aerosols collected by the metal filter probably 
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reacted with CO2 and moisture during the process of collecting, storage or delivery for XRD 
analysis, forming K2CO3∙1.5H2O. 
  
(A) K2CO3 vaporization in EFR (D) Equilibrium calculation (K2CO3) 
  
(B) KCl vaporization in EFR (E) Equilibrium calculation (KCl) 
  
(C) K2SO4 vaporization in EFR (F) Equilibrium calculation (K2SO4) 
Figure 4-1. Mass distribution of solid samples collected in the cyclone and filter from K-salt 
vaporization experiments (A) K2CO3 (B) KCl (C) K2SO4, and corresponding equilibrium 
calculation results (D) K2CO3 (E) KCl (F) K2SO4. 
The KCl vaporization experiments show that all samples were collected in the filter at 
temperatures above 1100 °C, implying a complete vaporization of KCl at 1100 °C. At 800 and 
900 °C, 4.6 % and 2.5 % of the product solid samples were collected in the cyclone. The 
equilibrium calculations on KCl showed that at temperatures above 740 °C, potassium 
appeared mainly as gaseous KCl. Above 800 °C, some KOH appeared but gaseous KCl 
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remained the dominant K-species. Solid samples collected from KCl vaporization 
experiments were analyzed with XRD and showed that all collected products were KCl, with 
no potassium carbonate or potassium hydrate detected. 
The equilibrium calculation results showed that the melting point of K2SO4 was 1070 °C, 
and KOH starts to form at 900 °C. At 900-1070 °C, solid, gaseous K2SO4 and gaseous KOH 
co-existed, while at 1070-1220 °C, liquid, gaseous K2SO4 and gaseous KOH co-existed, with 
gaseous K2SO4 being the dominant species. At temperatures 1200-1800 °C, gaseous KOH 
became the major K-species. The mass distribution of the solid samples collected from 
K2SO4 vaporization experiments is illustrated in Figure 4-1 (C). It shows that more than 
99 % of the solid samples were collected from the filter above 1100 °C. However the filter 
fraction is obviously lower at 800 °C and 900 °C, as 91 % and 95 % respectively, indicating a 
lower degree of K2SO4 vaporization. The XRD analysis of the solid product samples shows 
that only K2SO4 was present, although a decomposition of K2SO4 forming KOH and 
SO3/SO2 was predicted by the equilibrium calculations. This is probably because K2SO4 was 
reformed rapidly during the cooling down process. This can also explain the fact that no SO2 
was detected in the flue gas during the K2SO4 vaporization experiments. 
4.3.2 K2CO3 capture by kaolin 
4.3.2.1 Equilibrium calculation 
The equilibrium calculation results of K2CO3 capture by kaolin at 50-1000 ppmv K (25-500 
ppmv K2CO3) in flue gas showed that the K-capture behavior of K2CO3 was the same as that 
of KOH,185 so the equilibrium calculation results of K2CO3 capture by kaolin is not included 
in the thesis. Detailed results can be found in Appendix C of the thesis. This is because at 
high temperatures, K2CO3 decomposed forming KOH and CO2, and then the formed KOH 
reacted with kaolin. 
4.3.2.2 Impact of potassium concentration 
The experimental results of K2CO3 capture by kaolin at different K-concentrations at 1100 °C 
are compared with the equilibrium calculation results in Figure 4-2. The experimental CK 
and XK generally followed the equilibrium predictions. The CK increased from 0.019 g K/(g 
additive) to 0.216 g K/(g additive) when the K2CO3 concentration increased from 25 ppmv 
to 250 ppmv (molar ratio of K/(Al+Si) in reactants changed from 0.048 to 0.481), with XK 
staying almost constant, at around 82.0 %. When the concentration of K2CO3 increased 
further to 375 ppmv (K/(Al+Si) = 0.721) and 500 ppmv (K/(Al+Si) = 0.961), CK did not 
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increase compared to that at 250 ppmv K2CO3. At the same time, XK decreased from 80.6 % 
to 40.8 %, indicating that more K2CO3 stayed unreacted with kaolin. This is probably 
because, as indicated by the equilibrium calculation, a complete conversion of kaolin to K-
aluminosilicate has taken place, at 250 ppmv K2CO3. Thereby, the increased K2CO3 was not 
captured by kaolin forming K-aluminosilicates at 375 and 500 ppmv K2CO3. 
  
(A) K-capture level (CK) (B) K-conversion (XK) 
Figure 4-2. K-capture level (CK) and K conversion (XK) of K2CO3-capture by kaolin at K2CO3 
concentration varied from 25 ppmv to 500 ppmv (molar ratio of K/(Al+Si) in reactants 
changed from 0.048 to 0.961). Reaction temperature was 1100 °C. Gas residence time was 1.2 
s. Equilibrium calculation results were included for comparison. 
4.3.2.3 Impact of reaction temperature 
The influence of reaction temperature on the K2CO3-capture reaction by kaolin was 
investigated experimentally at 800-1450 °C. The K2CO3 concentration was kept constant at 
250 ppmv (500 ppmv K in flue gas), with a gas residence time of 1.2 s. The experimental CK 
and XK are compared with the equilibrium calculation results in Figure 4-3. It is seen that CK 
increased from 0.159 g K/(g additive) to 0.231 g K/(g additive) by 31.1 %, when the reaction 
temperature increased from 800 °C to 1300 °C. Simultaneously, XK increased from 59.3 % to 
86.1 %. Whereas, when the reaction temperature increased further to 1450 °C, the CK and XK 
decreased slightly to 0.204 g K/(g additive) and 66.1 %, respectively. This is likely due to the 
change of reaction products. Equilibrium calculation suggests a decreased formation of 
kaliophilite (KAlSiO4) and an increased formation of leucite (KAlSi2O6) at 1450 °C. However, 
leucite was not detected by XRD in the 1450 °C sample, probably because some amorphous 
K-species with K:Al:Si = 1:1:2 was formed. Considering the results on KOH-capture by kaolin 
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in Chapter 3,185 900-1300 °C is a preferable temperature window for KOH and K2CO3 
capture by kaolin. 
  
(A) K-capture level (CK) (B) K-conversion (XK) 
Figure 4-3. K-capture level (CK) and K-conversion (XK) of K2CO3 capture by kaolin at 
different temperatures (800-1450 °C). K2CO3 concentration was 250 ppmv (K-concentration 
was 500 ppmv), molar ratio of K/(Al+Si) in reactants was 0.481,  residence time was 1.2 s. 
Equilibrium calculation results are included for comparison. 
4.3.3 KCl capture by kaolin 
4.3.3.1 Equilibrium calculation 
The results of equilibrium calculations of KCl capture by kaolin at different temperatures 
and KCl-concentrations were summarized in Table 4-2. Detailed results of the equilibrium 
calculation are available in Appendix C. The type of the K-aluminosilicate products formed 
varied with the molar K/(Al+Si) ratio in the reactants. As shown in Table 4-2, with a molar 
ratio of K/(Al+Si) = 0.048 (50 ppmv KCl), the main K-aluminosilicate product was sanidine 
(KAlSi3O8) with a molar K:Al:Si ratio of 1:1:3. As the molar K/(Al+Si) ratio in reactants 
increased to 0.240 (250 ppmv KCl), leucite (KAlSi2O6) with a molar K:Al:Si ratio of 1:1:2, 
became the dominant K-aluminosilicate with some sanidine (KAlSi3O8) co-existing. When 
the molar ratio of K/(Al+Si) in reactants increased to 0.481 or higher (≥ 500 ppmv KCl), 
kaliophilite (KAlSiO4) with a molar K:Al:Si ratio of 1:1:1 was predicted at the lower 
temperature range (800-900 °C), while at high temperatures (1100-1450 °C), leucite 
(KAlSi2O6) remained the dominant K-aluminosilicate. 
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4.3.3.2 Impact of potassium concentration 
The impact of KCl concentration on the KCl-capture reaction by kaolin was investigated by 
EFR experiments using 50-1000 ppmv KCl at a reactor temperature of 1300 °C. The 
experimental CK and XK are compared with the equilibrium calculation results in Figure 4-4. 
The trend of the experimental CK and XK generally followed the equilibrium calculation data 
at 1300 °C. The CK increased significantly from 0.020 g K/(g additive) to 0.131 g K/(g 
additive), when the KCl-concentration increased from 50 to 500 ppmv (K/(Al+Si) increased 
from 0.048 to 0.481 correspondingly). However, when the KCl-concentration increased 
further to 750 ppmv and 1000 ppmv (with a K/(Al+Si) molar ratio of 0.721 and 0.961, 
respectively), CK did not increase. On the other hand, XK decreased significantly from 90.1 % 
to about 25.3 % when the KCl-concentration increased from 50 ppmv to 1000 ppmv. This is 
probably because all the free Si has been consumed forming K-aluminosilicate at 500 ppmv 
KCl, with no Si available for further KCl capture. According to the equilibrium calculation, 
the main product of the KCl-kaolin reaction is leucite (KAlSi2O6), and the K-capture level is 
limited by the availability of Si. The formation of leucite was confirmed by the XRD analysis 
results, see Figure 4-6. 
  
(A) K-capture level (CK) (B) K-conversion (XK) 
Figure 4-4. K-capture level (CK) and K-conversion (XK) of KCl capture by kaolin at 50-1000 
ppmv KCl, the corresponding molar K/(Al+Si) ratio varied from 0.048 to 0.961, reaction 
temperature was 1300 °C. Equilibrium calculation results are included for comparison.、 
4.3.3.3 Impact of reaction temperature 
To investigate the influence of reaction temperature on the KCl-capture reaction, 
experiments were conducted at temperatures from 800 °C to 1450 °C. In all experiments, 
the KCl concentration in flue gas was 500 ppmv, corresponding to a molar K/(Al+Si) ratio of 
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0.481 in reactants. The gas residence time was 1.2 s. The experimental results are compared 
to the equilibrium calculation results in Figure 4-5.  
  
(A) CK at 500 ppmv KCl (B) XK at 500 ppmv KCl 
  
(C) CK at 50 ppmv KCl (D) XK at 50 ppmv KCl 
Figure 4-5. CK (K-capture level) and XK (K-conversion) of KCl capture by kaolin at different 
temperatures (800-1450 °C). KCl-concentration was 500 ppmv in (A) and (B), and it was 50 
ppmv in (C) and (D). *Fixed bed data was calculated from literature (1100 °C, 1000 ppmv 
KCl, residence time was 1 hour).93  
As shown in Figure 4-5 (A) and (B), at 500 ppmv KCl, the K-capture level (CK) was close to 
the equilibrium prediction and stayed steady at about 0.142 g K/(g additive) at temperatures 
from 900 °C to 1300 °C. The K-conversion (XK) was also steady at about 55.0 %. The CK and 
XK of KCl were lower than that of KOH-kaolin reaction (CK of KOH was 0.193-0.241 g K/(g 
additive), and XK was 72.1-90.0 %). This could be explained that kaliophilite (KAlSiO4) was 
detected by XRD in the KOH-reacted kaolin, while leucite (KAlSi2O6) was detected in the 
KCl-reacted kaolin (Figure 4-6). The formation of leucite (KAlSi2O6) consumed more Si than 
kaliophilite (KAlSiO4). 
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At 800 °C and 1450 °C, CK was obviously lower than that at 900-1300 °C. At 800 °C, the 
reaction is probably kinetically controlled and do not reach the equilibrium state. 
Additionally, the incomplete vaporization of KCl at 800 °C, may also contribute to the lower 
KCl conversion.  At 1450 °C, the decrease of CK may be due to an increased transformation 
of kaolinite into mullite and amorphous silica,98 which are less reactive towards KCl.93  
In Figure 4-5 (A), CK was also compared with the results from a study using a fixed bed 
reactor where cylindrical kaolin pellets of diameter of 1.5 mm were utilized for KCl 
capture.93 The CK values obtained in the fixed bed reactor are obviously lower than that in 
the EFR experiments, although the reaction time in the fixed bed reactor (about 1 hour) was 
much longer than that in the EFR (about 1 second). One possible reason is that in the fixed 
bed reactor, probably, it was actually mullite that reacted with KCl due to a long residence 
time of up to 1 hour and the high temperature. Another possible reason is that kaolin was in 
the shape of pellets with a diameter of 1.5 mm, where the reaction was strongly controlled 
by internal diffusion. Another difference is that the results from fixed bed reactor have an 
opposite temperature-dependence trend comparing to that of the EFR. This is presumably 
because the controlling mechanisms in the two reactors are different. In the fixed bed 
experiments, the reaction was controlled by internal diffusion as mentioned above. Thus CK 
decreased from 900 °C to 1300 °C, due to the increased sintering degree of kaolin pellets. 
However, CK increased again when temperature was further increased to 1400 °C and 
1500 °C, due to the enhanced internal diffusion caused by melting of kaolin pellets.93 
However, in the EFR, the reaction was mainly equilibrium controlled at 900-1300 °C. In 
summary, the favorable temperature window for KCl-capture by kaolin is 900-1300 °C. 
Figure 4-5 (C) and (D) show that at 50 ppmv KCl, the experimental XK and CK were almost 
constant, and they generally followed the equilibrium predictions. The CK was about 0.021 g 
K/(g additive) with about 80.2 % KCl captured by kaolin forming water-insoluble K-
aluminosilicate. 
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Figure 4-6. XRD spectra of water-washed KCl-reacted kaolin samples at 1300 °C and 1450 °C, 
KCl concentration in flue gas was 500 ppmv, molar K/(Al+Si) ratio in reactants was 0.481, 
gas residence time was about 1.0 s.    
The XRD spectra of water-washed KCl-reacted kaolin samples at 1300 °C and 1450 °C are 
compared in Figure 4-6. The results show that leucite (KAlSi2O6) was formed by the KCl-
kaolin reaction at 1300 °C and 1450 °C. At 1450 °C, peaks of leucite are much stronger than 
that at 1300 °C. However, the ICP-OES analysis results showed than more leucite was 
formed at 1300 °C than experiments at 1450 °C. This indicates that a large amount of 
amorphous K-aluminosilicate was probably present at 1300 °C, and the leucite formed at 
1450 °C was much more crystalline. 
4.3.3.4 Impact of gas residence time 
The impact of gas residence time on the KCl-capture reaction was studied at 1100 °C and 
1300 °C, respectively. The KCl concentration in the flue gas was kept constant at 500 ppmv, 
with K/(Al+Si) = 0.481. The CK and XK results are shown in Figure 4-7. 
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(A) K-capture level (CK) at 1100 °C (B) K-conversion (XK) at 1100 °C 
  
(C) K-capture level (CK) at 1300 °C (D) K-conversion (XK) at 1300 °C 
Figure 4-7. K-capture level (CK) and K-conversion (XK) of KCl capture by kaolin at different 
gas residence time. KCl concentration in flue gas was 500 ppmv, (molar K/(Al+Si) ratio in 
reactants was 0.481).  Reaction temperature was 1100 °C and 1300 °C. 
The results in Figure 4-7 (A) and (B) show that at 1100 °C when the gas residence time 
increased from 0.8 s to 1.2 s, the CK increased from 0.114 g K/(g additive) to 0.128 g K/(g 
additive) by 12.3 %. The XK increased from 42.4 % to 49.0 %. This indicates that at 1100 °C, 
with a gas residence time below 1.2 s, the K-capture reaction is to some degree limited by 
kinetics or diffusion. 
The results at 1300 °C show that the value of CK and XK did not change when the residence 
time increased from 0.6 s to 1.9 s and the number was close to the equilibrium prediction, 
implying that the KCl-capture reaction was at equilibrium. The results imply that at 1300 °C, 
with kaolin particles of D50 = 5.47 μm, it took very short time (≤ 0.6 s) for the KCl-capture 
reaction to reach equilibrium.  
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4.3.4 K2SO4 capture by kaolin 
4.3.4.1 Equilibrium Calculation 
The equilibrium calculation results of K2SO4 capture by kaolin at 25-500 ppmv K2SO4 (K-
concentration was 50 ppmv to 1000 ppmv) are summarized in Table 4-3. Detailed results of 
the equilibrium calculation are available in Appendix C. The type and amount of K-
aluminosilicate formed changed with the molar ratio of K/(Al+Si) in reactants (K2SO4 
concentration in flue gas). At 25 ppmv K2SO4 (molar ratio of K/(Al+Si) = 0.048), sanidine 
(KAlSi3O8) is predicted to be the main K-aluminosilicate product, with K:Al:Si = 1:1:3. At 125 
ppmv K2SO4 (molar ratio of K/(Al+Si) = 0.240), leucite (KAlSi2O6) became the main K-
aluminosilicate product, with sanidine (KAlSi3O8) co-existing. At 250, 375 and 500 ppmv 
K2SO4, (molar ratio of K/(Al+Si) ≥ 0.481), kaliophilite (KAlSiO4) turned to be the main K-
aluminosilicate product. 
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4.3.4.2 Impact of potassium concentration 
The experimental K-capture level (CK) and K-conversion (XK) at 25-500 ppmv K2SO4 (50-
1000 ppmv K) were compared with the equilibrium calculation results in Figure 4-8. 
Generally, the experimental CK and XK were obviously lower than the equilibrium data, 
although they followed a similar trend. The experimental CK increased from 0.018 g K/(g 
additive) to 0.115 g K/(g additive), when the K2SO4-concentration in flue gas increased from 
25 ppmv to 250 ppmv. At the same time, the experimental XK decreased from 68.0 % to 
42.7 % correspondingly. As K2SO4-concentration increased further to 500 ppmv (K/(Al+Si) 
= 0.961), the CK did not increase, while XK decreased significantly to 21.7 %. 
  
(A) K-capture level (CK) (B) K-conversion (XK) 
Figure 4-8. CK (K-capture level) and XK (K-conversion) of K2SO4 capture by kaolin at 25-500 
ppmv K2SO4 (50-1000 ppmv K) in flue gas (molar ratio of K/(Al+Si) in reactants varied from 
0.048 to 0.961). Reaction temperature was 1100 °C. Gas residence time was 1.2 s. 
Equilibrium calculation results were included for comparison. 
4.3.4.3 Impact of reaction temperature 
The experimental CK and XK of K2SO4-capture by kaolin at different reaction temperatures 
from 800-1450 °C are compared with the equilibrium predictions in Figure 4-9. The results 
show that the experimental data did not follow the equilibrium predicted trend, and the 
experimental CK and XK were obviously lower than the equilibrium values. The experimental 
CK and XK increased significantly when the reaction temperature increased from 800 °C to 
1100 °C. However, when the reaction temperature increased further to 1450 °C, the 
experimental CK and XK decreased slightly. This is because at temperatures below 1100 °C, 
the reaction was kinetically controlled, and the incomplete vaporization of K2SO4 at low 
temperatures also inhibited the conversion of K2SO4. At 1450 °C, the transformation of 
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kaolin into mullite became significant, and the formed mullite is less reactive towards 
K2SO4.
93, 186 In summary, K2SO4 may be capture by kaolin most effectively at 900-1300 °C. 
  
(A) K-capture level (CK) (B) K-conversion (XK) 
Figure 4-9. K-capture level (CK) and K-conversion (XK) of K2SO4 capture by kaolin at 800-
1450 °C. K2SO4 concentration was 250 ppmv (500 ppmv K). Residence time was 1.2 s. 
Equilibrium calculation results are included for comparison. 
It is remarkable that the experimental CK and XK of K2SO4 are so much lower than the 
equilibrium predictions. But interestingly they were reasonably similar to the levels found 
for KCl, although the equilibrium predicted CK and XK for K2SO4 is considerably higher than 
that of KCl.  
Kaliophilite (KAlSiO4) was predicted as the main K-aluminosilicate product at 1100°C and 
500 ppmv K (250 ppmv K2SO4) for K2SO4-capture reaction by kaolin. However, the XRD 
analysis results show that leucite (KAlSi2O6) was detected instead of kaliophilite (KAlSiO4), 
see Figure 4-10. Thereby the equilibrium product of K2SO4 capture by kaolin was wrongly 
predicted and the reaction product of K2SO4 capture by kaolin was the same as KCl. 
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Figure 4-10. XRD spectra of water-washed K2SO4-reacted kaolin at 1100 °C and 1450 °C. 
K2SO4 concentration was 250 ppmv (500 ppmv K) in flue gas. Molar K/(Al+Si) ratio in 
reactants was 0.481. Gas residence time was 1.2 s. 
4.3.5 Comparison of different K-species 
The experimental results of using different K-species, including KOH, K2CO3, KCl and 
K2SO4, to react with kaolin at different K-concentration and different temperatures are 
compared in Figure 4-11. In Figure 4-11 (A), the experiments of KOH, K2CO3 and K2SO4 were 
all conducted at 1100 °C, while the KCl experiments were conducted at 1300 °C. However, 
the EFR experimental results (shown in Figure 4-5 (A)) indicate that KCl-capture by kaolin 
behaved similarly at 1100 °C and 1300 °C, so the results are still comparable. 
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(A) CK at different K-concentrations (B) CK at different temperatures 
Figure 4-11. Comparison of KOH, K2CO3, KCl, and K2SO4 capture by kaolin at different K-
concentrations and temperatures. In (A), KOH, K2CO3 and K2SO4 experiments were at 1100 
°C, KCl experiments were at 1300 °C. In (B), K-concentration was 500 ppmv for all 
experiments. 
The results show that KCl and K2SO4 were captured in a similar way, while KOH and K2CO3 
behaved similarly. This is probably because the reaction between K2CO3 and kaolin took 
place according to reaction R 4.3, R 4.4 and R 4.5. K2CO3 firstly decomposed into KOH and 
CO2, and then the formed KOH reacted with kaolin forming K-aluminosilicate. The 
decomposition of K2CO3 has been observed in the K2CO3 vaporization and transformation 
experiments, which has been discussed in section 4.3.3.1. 
𝐾2𝐶𝑂3 + 𝐻2𝑂 → 2𝐾𝑂𝐻 + 𝐶𝑂2(𝑔) (R 4.3) 
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2 + 2𝐾𝑂𝐻 → 2𝐾𝐴𝑙𝑆𝑖𝑂4 (𝑘𝑎𝑙𝑖𝑜𝑝ℎ𝑖𝑙𝑖𝑡𝑒) + 2𝐻2𝑂  (R 4.4) 
𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2 + 2𝑆𝑖𝑂2 + 2𝐾𝑂𝐻 → 2𝐾𝐴𝑙𝑆𝑖2𝑂6 (𝑙𝑒𝑢𝑐𝑖𝑡𝑒) +2𝐻2𝑂  (R 4.5) 
Another important result is that at 500 ppmv K in flue gas and above, KCl and K2SO4 are 
captured by kaolin less effectively compared to KOH or K2CO3. Although the equilibrium 
calculation predicted a similar K-capture level for K2SO4 and K2CO3 capture by kaolin at 
temperatures above 1100 °C. One reason is that at 500 ppmv K and above, kaliophilite 
(KAlSiO4) was formed as product from KOH and K2CO3 capture reaction, while leucite 
(KAlSi2O6) existed as the main K-aluminosilicate product from KCl and K2SO4 capture 
experiments, which has been confirmed by the XRD analysis. More Si was consumed in the 
KCl and K2SO4 capture reaction due to the formation of leucite (KAlSi2O6). Another reason 
is that the presence of HCl and SO2 in KCl and K2SO4 capture reactions inhibited the K-
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capture reaction by kaolin, similar phenomena was observed in a previous sodium capture 
study.75 The results indicate that more Al-Si based additive shall be used in boilers if Cl-rich 
fuels are fired and all K shall be converted to K-aluminosilicate.  Additionally, an Al-Si 
additive with a relatively higher content of Si (like Si-rich coal fly ash) seems more suitable 
for K-capture when burning Cl-rich biomass fuels. 
The results also show that kaolin captured KCl slightly more effectively than K2SO4. This 
may be good for the situation of co-firing straw and coal where KCl and K2SO4 both exist, 
since Al and Si from the co-fired coal can destroy the corrosive KCl more effectively, and the 
less corrosive K2SO4 is captured at a lower level.  
4.4 Conclusions 
A thorough understanding of the K-capture reaction by kaolin under suspension-fired 
conditions is wanted to mitigate alkali-related problems in biomass combustion boilers. The 
reaction of KOH, K2CO3, KCl and K2SO4 with kaolin was studied by entrained flow reactor 
experiments and equilibrium calculations. The influence of molar ratio of K/(Al+Si) in 
reactants, K-concentration in flue gas, reaction temperature, K-species type, and residence 
time on the K-capture reaction was investigated. 
The experimental results of using different K-concentrations show that for KCl at 1300 °C, 
and for KOH, K2CO3 and K2SO4 at 1100 °C, the K-capture level (CK) increased when the K-
concentration increased from 50 ppmv to 500 ppmv (molar ratio K/(Al+Si) increased from 
0.048 to 0.481). But it did not increase, when the K-concentration increased further to 750 
and 1000 ppmv (molar ratio of K/(Al+Si) in reactants was 0.721 and 0.961), probably 
because all active compounds in kaolin had already been converted forming K-
aluminosilicates. 
For KCl, KOH and K2CO3, CK and XK generally followed the equilibrium predictions at 
temperatures above 1100 °C, when applying a kaolin particle size of D50 = 5.47 μm and a 
residence time of 1.2 s. However, at lower temperatures (800 °C and 900 °C), the reactions 
were probably kinetically controlled, and the measured K-capture level was lower than the 
equilibrium predictions. For K2SO4, the measured CK was significantly lower than the 
equilibrium predictions even at temperatures above 1100 °C. This is most likely because 
kaliophilite (KAlSiO4) was predicted by the equilibrium calculations, but XRD analysis 
revealed that leucite (KAlSi2O6) was formed from the reaction. The KCl-capture experiments 
conducted with different residence times show that, at 1100 °C, the K-capture level increased 
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slightly with residence time, indicating a kinetically limited reaction at this temperature. 
However, at 1300 °C, CK reached the equilibrium level at a residence time as short as 0.6 s. 
Experiments using different K-species show that, K2CO3 behaved the same as KOH in terms 
of being captured by kaolin at suspension-fired conditions. KCl and K2SO4 behaved 
similarly, but they were captured less effectively than KOH and K2CO3. The study indicates 
that the main product of the KCl and K2SO4 reactions with kaolin when excess potassium is 
available are leucite (KAlSi2O6), while kaliophilite (KAlSiO4) is mainly formed when KOH 
and K2CO3 reacted with kaolin with excess potassium available. The maximum obtainable 
K-capture level (CK) for KCl and K2SO4 was approximately 0.12 g K/g kaolin while for KOH 
and K2CO3 a maximum capture level of approximately 0.24 g K/g kaolin could be obtained. 
The results imply that more kaolin shall be used in boilers if Cl-rich fuels are fired and all K 
shall be converted to K-aluminosilicate. In addition, an Al-Si additive with a relatively 
higher content of Si (like Si-rich coal fly ash) may be more effective for K-capture when 
burning Cl-rich biomass fuels. 
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5 Potassium Capture by Coal Fly Ash, Part 1: KOH 
Abstract: The KOH-capture reaction by coal fly ash at suspension-fired conditions was 
studied through entrained flow reactor (EFR) experiments and chemical equilibrium 
calculations. The influence of KOH-concentration (50-1000 ppmv), reaction temperature 
(800-1450 °C), and coal fly ash particle size (D50 = 6.03-33.70 μm) on the reaction was 
investigated. The results revealed that, at 50 ppmv KOH (molar ratio of K/(Al+Si) = 0.048 of 
feed), the measured K-capture level (CK) of coal fly ash was comparable to the equilibrium 
prediction, while at 250 ppmv KOH and above, the measured data were lower than chemical 
equilibrium. Similar to the KOH-kaolin reaction reported in Chapter 3, leucite (KAlSi2O6) 
and kaliophilite (KAlSiO4) were formed from the KOH-coal fly ash reaction. However, coal 
fly ash captured KOH less effectively compared to kaolin at 250 ppmv KOH and above. 
Studies at different temperatures showed that, at 800 °C, the KOH-coal fly ash reaction was 
probably kinetically controlled. At 900-1300 °C it was diffusion limited, while at 1450 °C, it 
was equilibrium limited to some extent. At 500 ppmv KOH (molar ratio of K/(Al+Si) = 
0.481), and a gas residence time of 1.2 s, 0.063 g K/(g additive) and 0.087 g K/(g additive) 
was captured by coal fly ash (D50 = 10.20 μm) at 900 and 1450 °C, respectively. Experiments 
with coal fly ash of different particle sizes showed that a higher K-capture level were 
obtained using finer particle sizes, indicating some internal diffusion control of the process. 
5.1 Introduction 
Existing coal suspension-fired boilers have been converted to biomass combustion to 
increase the share of renewable power and district heat production in Denmark.12, 14 
Compared to traditional biomass grate-fired power plants, biomass suspension-fired power 
plants have higher efficiency, and they can compensate for the fluctuations of the wind 
power production.67 However, the alkali elements (mainly K) in biomass fuels to a high 
degree evaporates during combustion in PF (pulverized fuel) boilers,18, 43, 153, 187 and are 
present in the gas phase as KOH, KCl or K2SO4.
22, 24, 63 When the flue gas is cooling down, 
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these K-compounds condense and may form sticky deposit on super-heater and re-heater 
tubes, resulting in accelerated deposit formation as well as corrosion. Additionally, K-salt 
aerosols formed from nucleation and condensation of gaseous K-species can deteriorate the 
performance of de-NOx SCR catalyst through physical deposition and chemical poisoning.
30, 
56, 57, 188 
 One option to deal with these alkali-induced problems is to inject additives that can react 
with volatile alkali species to form less problematic compounds with higher melting points. 
Various additives have been investigated, and they can largely be categorized into four 
groups: Al-Si based,67, 76, 93, 98, 189 S-based,51, 53, 130 P-based 140 and Ca-based,137 according to the 
major elements that are present in the additives.67, 68 Among the different additives, coal fly 
ash was the only one that has been commercially utilized in full-scale suspension-fired 
boilers due to its low cost and high effectiveness.12, 14, 184  
Coal fly ash is a solid residue from combustion of coal. Approximately 500 million tons of 
coal fly ash are produced worldwide each year.115 Coal fly ash could be an environmental 
concern if not handled properly.115 The mineralogical composition of coal fly ash is quite 
complex, depending on the parental coal and the combustion technology. The dominant 
mineral phases include quartz, mullite, illite and siderite.147  The effectiveness of coal fly ash 
in capturing volatile K-species from biomass has been observed in co-combustion of coal 
and biomass.121, 190, 191  
The K-capture reaction by coal fly ash was studied by Wu and co-workers in a full-scale 
biomass suspension-fired boiler.12, 14 The impact of injection of coal fly ash in different 
amounts on the deposition behavior, deposit composition and the formation of aerosols was 
investigated. With the addition of coal fly ash, the amount of aerosols formed was greatly 
suppressed, with its composition changed from K-S-Cl rich to Ca-P-Si rich.14 The 
composition of the ash deposit is also significantly influenced. The amount of K2SO4 in 
inner layer deposit collected from high temperature flue gas (1300 °C) was greatly reduced. 
KCl, KOH, and K2CO3 in the inner layer of the deposit completely disappeared, when adding 
coal fly ash. The large outer deposit also transferred from K-Ca-Si rich to Si-Al rich, resulting 
in an easier and more frequent removal of the deposits. In the deposits formed at low 
temperature flue gas (800 °C), KCl disappeared, and the content of KOH and K2CO3 was 
significantly decreased. The corrosion risk was considerably decreased consequently. 
However, because of the complexity of the full-scale system, no quantitative data such as the 
potassium capture amount of per unit of coal fly ash could be obtained.  
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Quantitative and detailed study on K-capture reaction by coal fly ash at high-temperature 
conditions is still rare. To the authors’ knowledge, the only two quantitative studies on K-
capture by coal fly ash were both conducted in fixed bed reactors, where coal fly ash pellets 
with a diameter of 1.5 mm or piles of coal ash were utilized.93, 122 However, the residence 
time of coal fly ash in these fixed bed reactors was in an order of hours, significantly larger 
than that of biomass suspension-fired boilers, where coal fly ash particles only stay a few 
seconds in the flue gas.12, 14 
The objective of this work is to study quantitatively the K-capture behavior of coal fly ash at 
well-controlled conditions in suspension, and to understand the influence of reaction 
conditions. Potassium capture by coal fly ash at suspension-fired conditions was studied in 
this chapter and Chapter 6. This chapter focuses on the KOH capture by coal fly ash, while 
Chapter 6 deals with capture of K2CO3, KCl and K2SO4 by coal fly ash. 
5.2 Experimental 
The KOH capture experiments by coal fly ash were conducted in the DTU entrained flow 
reactor (EFR) which has been described in Chapter 2. Experimental conditions of the KOH 
capture experiments by coal fly ashes are summarized in Table 5-1. The influence of the 
KOH-concentration, the molar ratio of K/(Al+Si) in reactants, the reaction temperature and 
the fly ash particle size on the KOH-capture reaction were investigated. 
In the experimental series (A) of Table 5-1, the concentration of coal fly ash in the feeding 
slurry was kept constant while the fraction of KOH was varied, to investigate the effect of 
KOH concentration in flue gas (50-1000 ppmv) and the molar ratio of K/(Al+Si) in reactants 
(0.048-0.961).  
In series (B), the impact of temperature on the reaction was investigated. Two different 
KOH concentrations in the flue gas were studied: 50 and 500 ppmv.  
In series (C), the influence of coal fly ash particle size on the K-capture reaction was studied 
by feeding ASV2 coal fly ashes with different particle sizes: the grinded ASV2 coal fly ash 
(D50 = 6.03 µm), ASV2CFA0-32 µm (D50 = 10.20 μm) and ASV2CFA 32-45 µm (D50 = 33.70 
μm) into the EFR. The results were also compared with data from Chapter 3 where the KOH 
capture by kaolin and mullite was investigated. The gas residence time in the reactor was 
kept at 1.2 s in all the experiments. 
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Table 5-1. Conditions of the experiments in the Entrained Flow Reactor (EFR). 
Experimental series 
K-
species 
additives 
D50 of 
additives 
/μm 
Temp./
°C 
Gas 
residence 
time/s 
K in gas 
/ppmv 
K/(Al+Si) 
(A) 
KOH-capture by CFA 
(impact of K-
concentration) 
KOH ASV2CFA0-32 10.20 1300 1.2 
50 0.048 
250 0.240 
500 0.481 
750 0.721 
1000 0.961 
(B) 
KOH-capture by CFA 
(impact of 
temperature) 
KOH ASV2CFA0-32 10.20 
800 
1.2 50, 500 0.481 
900 
1100 
1300 
1450 
(C) 
KOH-capture by CFA 
(impact of CFA 
particle size) 
KOH 
ASV2CFAGR 6.03 
1300 1.2 500 0.481 ASV2CFA0-32 10.20 
KOH AMVCFA0-32 33.70 
5.3 Results and discussion 
5.3.1 Representativeness of solid product samples 
Although the solid samples obtained from the sampling system (sampling tube, cyclone, and 
filter) were carefully collected, the mass balance for each experiment only closed within 
about 58-75 %. The difference was due to the deposition on the inner wall of the reactor 
tube and other places. The calculation of K-capture level (CK) and K-conversion (XK) was 
based on the assumption that the collected samples are representative. The 
representativeness was examined by comparing the molar ratio of K/(Al+Si) in products 
with that of the fed reactants. The result basing on ICP-OES analysis is shown in Figure 5-1. 
It reveals that the molar ratio of K/(Al+Si) in the collected solid samples is close to that of 
fed reactants, suggesting that the solid samples are representative. 
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Figure 5-1. Comparison of K/(Al+Si) in collected solid products and reactants fed into the 
EFR using coal fly ash as the additive.  
5.3.2 KOH capture by coal fly ash 
5.3.2.1 Equilibrium calculation 
The equilibrium calculation results of KOH capture by ASV2CFA0-32 at different 
temperatures (800-1450 °C) and KOH concentrations (50-1000 ppmv) are summarized in 
Table 5-2. More detailed results can be found in Appendix D. 
The calculations indicate that the type of the K-aluminosilicates formed from the KOH-
capture reaction changes with the K-concentration or the molar ratio of K/(Al+Si) in 
reactants. At 50 ppmv KOH (molar K/(Al+Si) in reactant was 0.048), sanidine (KAlSi3O8) 
with K:Al:Si = 1:1:3 was predicted as the main K-aluminosilicate product through the whole 
temperature range, 800-1450 °C. When the KOH concentration increased to 250 ppmv, 
leucite (KAlSi2O6) with a molar ratio of K:Al:Si = 1:1:2, became the dominant K-
aluminosilicate. At 500, 750 and 1000 ppmv KOH, kaliophilite (KAlSiO4) with a molar ratio 
of K:Al:Si = 1:1:1 was the main K-aluminosilicate product. 
5.3.2.2 Impact of KOH concentration 
The measured K-capture level (CK) and K-conversion (XK) of KOH capture by ASV2CFA0-32 
at different KOH concentrations (50-1000 ppmv) and 1300 °C are compared with 
equilibrium calculations in Figure 5-2. For 50 ppmv KOH, the measured CK (0.022 g K/(g 
additive)) and XK (95 %) of ASV2CFA0-32 are close to the equilibrium values. However, the 
experimental CK and XK become remarkably lower than the equilibrium data at 250 ppmv 
KOH and above. As the KOH-concentration in the flue gas increased from 50 ppmv to 500  
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ppmv, although the K-capture level (CK) increased considerably from 0.022 g K/(g additive) 
to 0.074 g K/(g additive), K-conversion  (XK) decreased sharply from 95 % to 32 %. With a 
further increase of KOH concentration to 750 and 1000 ppmv, no obvious increase of CK 
was observed, and the K-conversion (XK) dropped to 16 % at 1000 ppmv, showing that most 
KOH remained unreacted in this case. The difference between equilibrium data and 
experimental data implied that only part of the coal fly ash participated in the K-capture 
reaction. 
  
(A) K-capture level (CK) (B) K-conversion (XK) 
Figure 5-2. K-capture level (CK) and K-conversion (XK) of KOH-capture by ASV2CFA0-32 
and kaolin (D50 = 5.47μm) at KOH concentrations from 50 to 1000 ppmv. Molar ratio of 
K/(Al+Si) in reactants varied from 0.048 to 0.961. Reaction temperature for ASV2CFA0-32 
was 1300 °C and reaction temperature of kaolin was 1100 °C; Gas residence time was 1.2 s. 
Equilibrium calculation results of KOH capture by ASV2CFA0-32 are included for 
comparison.185 
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Figure 5-3.  XRD spectra of water-washed KOH-reacted ASV2CFA0-32 at 50 ppmv, 250 
ppmv and 500 ppmv KOH. The reaction temperature was 1300 °C, the molar ratio of 
K/(Al+Si) in the reactants was varied form 0.048, 0.240 and 0.481 and the gas residence 
time was 1.2 s.  
Also, the measured CK and XK of KOH reaction with kaolin from Chapter 3
185 are included 
for comparison in Figure 5-2. The experiments of KOH capture by kaolin were conducted at 
1100 °C, while the experiments with ASV2CFA0-32 were conducted at 1300 °C. Although the 
reaction temperature was different, the results are still comparable, because the K-capture 
behavior of kaolin at 1100 °C and 1300 °C is similar according to the results in Chapter 3.185 
The results show that the measured CK and XK of ASV2CFA0-32 were considerably lower 
than that of kaolin. There may be several reasons for the lower efficiency of the coal fly ash 
compared to kaolin. One possible reason is that the main mineral phase of coal fly ash, 
mullite, is less reactive towards potassium than kaolin and metakaolin. Another possible 
reason is that the BET surface area of ASV2CFA0-32 (8.04 m2/g) is smaller than that of 
kaolin (12.70 m2/g), and the median diameter of ASV2CFA0-32 (10.20 μm) is larger than 
that of kaolin (5.47 μm). Consequently, there were fewer active sites for KOH-capture in 
ASV2CFA0-32 185. In addition, diffusion limitations for KOH inside the coal fly ash particles 
may have also played a role, resulting in an incomplete consumption of mullite in the case 
of coal fly ash. The incomplete consumption of mullite is supported by the XRD results 
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shown in Figure 5-3, in which peaks corresponding to mullite were detected in the KOH-
reacted coal fly ash. 
The XRD spectra of water-washed KOH-reacted ASV2CFA0-32 at 50 ppmv, 250 ppmv and 
500 ppmv KOH are compared in Figure 5-3. At 50 ppmv KOH, only mullite and quartz 
originated from the raw coal fly ash were detected. No crystalline K-aluminosilicate was 
detected, although sanidine (KAlSi3O8) was predicted by the equilibrium calculations. This 
is probably because either the content of K-aluminosilicate in the products was too low to 
be detected, or amorphous K-aluminosilicates were formed which cannot be detected by 
XRD. In the 250 ppmv sample, leucite (KAlSi2O6) was detected as the main K-
aluminosilicate product. In the 500 ppmv sample, kaliophilite (KAlSiO4) was present as the 
dominant K-aluminosilicate. The type of K-aluminosilicates detected by XRD, generally 
agrees with the equilibrium results as shown in Table 5-2. Notably, mullite was detected in 
all the three KOH-reacted coal fly ash samples, showing that part of the mullite remained 
unreacted in those samples. This is different from what was observed in the study of KOH 
capture by kaolin, where a full conversion of kaolin to K-aluminosilicate was observed and 
no mullite was detected in the product samples at 500 ppmv KOH and above with a 
reaction temperature of 1100 °C.185 
5.3.2.3 Impact of reaction temperature 
The measured K-capture level (CK) and K-conversion (XK) of KOH capture by ASV2CFA0-32 
at different reaction temperatures (800-1450 °C) are compared with the equilibrium 
calculation results in Figure 5-4. KOH concentrations of 50 ppmv and 500 ppmv in the flue 
gas were studied. The CK and XK of KOH capture by kaolin at the same conditions 
185 are 
included as well for comparison. As shown in Figure 5-4 (A) and (B), at 500 ppmv KOH, the 
measured CK and XK of KOH capture by ASV2CFA0-32 were both significantly lower than 
equilibrium data. At 800 °C, the K-capture level (CK) was only 0.025 g K/(g additive), with 
11 % of KOH captured as K-aluminosilicate. When the temperature increased to 900 °C, CK 
increased significantly to 0.063 g K/(g additive), with 27 % of KOH converted to K-
aluminosilicate. At temperatures of 900-1100 °C, the CK stayed constant. However, when the 
reaction temperature increased further to 1300 °C and 1450 °C, CK increased by 38 % 
reaching 0.087 g K/(g additive), with 37 % of fed KOH chemically bonded by coal fly ash as 
K-aluminosilicate at 1450 °C. 
At 50 ppmv KOH, the measured CK and XK of ASV2CFA0-32 were close to the equilibrium 
predictions; see Figure 5-4 (C) and (D). The CK and XK were both constant and independent 
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of the reaction temperature in the temperature range of 900-1300 °C. The CK was around 
0.019 g K/(g additive), with about 94 % KOH converted to K-aluminosilicate. 
  
(A) CK at 500 ppmv KOH (B) XK at 500 ppmv KOH 
  
(C) CK at 50 ppmv KOH (D) XK at 50 ppmv KOH 
Figure 5-4. Comparison of K-capture level (CK) and K-conversion (XK) of KOH capture by 
ASV2CFA0-32 and kaolin (D50 = 5.47μm) at temperatures from 800 to 1450 °C. The KOH 
concentration was 500 ppmv (molar ratio of K/(Al+Si) = 0.481) in (A) and (B). KOH 
concentration was 50 ppmv, and molar ratio of K/(Al+Si) = 0.048 in (C) and (D). Gas 
residence time was 1.2 s, and equilibrium calculation results of KOH capture by ASV2CFA0-
32 are included for comparison.185 
Comparison of results of KOH-ASV2CFA0-32 and KOH-kaolin in Figure 5-4 shows that, at 
500 ppmv KOH, the CK and XK of ASV2CFA0-32 were considerably lower than that of 
kaolin, showing that coal fly ash (ASV2CFA0-32) captures KOH less effectively in this case. 
Additionally, the trend of the CK and XK of kaolin and ASV2CFA0-32 at 500 ppmv was 
obviously different. For kaolin, CK and XK firstly increased and then decreased when the 
reaction temperature was changed from 800 °C to 1450 °C, reaching a peak at 1300 °C. The 
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CK and XK of ASV2CFA0-32 increased sharply when the temperature increased from 800 °C 
to 900 °C, and it stayed constant at 900-1100 °C. When the reaction temperature increased 
further to 1300 °C and 1450 °C, they increased again, probably because the melting of the 
coal fly ash particles accelerated the internal diffusion of KOH. However, at 50 ppmv KOH, 
the CK and XK of ASV2CFA0-32 were comparable to that of kaolin. The trend at different 
temperatures of the two additives (kaolin and ASV2CFA) was also the same. 
 
Figure 5-5.  XRD spectra of water washed KOH-reacted ASV2CFA0-32 samples at different 
temperatures (800-1450 °C). The KOH-concentration was 500 ppmv, with molar ratio of 
K/(Al+Si) in reactants of 0.481. Gas residence time was 1.2 s. 
The XRD spectra of water-washed 500 ppmv KOH-reacted coal fly ash at different 
temperatures (800-1450 °C) are compared in Figure 5-5. At 800 °C and 900 °C, only mullite 
and quartz were detected in the samples and the spectra were almost the same as that of the 
parental coal fly ash, implying that the formed K-aluminosilicate remained in amorphous 
phase, or that the concentration of crystalline phase was too low to be detected. In the 
1100 °C sample, crystalline kaliophilite (KAlSiO4) was detected. When the reaction 
temperature increased further to 1300 °C and 1450 °C, the peaks of kaliophilite (KAlSiO4) 
became stronger, indicating that more crystalline kaliophilite (KAlSiO4) was formed. 
Notably, mullite and quartz were detected in all the product samples, showing an 
incomplete conversion of the coal fly ash (ASV2CFA). This supports the results that the 
measured K-capture level (CK) and K-conversion (XK) were considerably lower than those 
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predicted by equilibrium calculations. According to the results from Chapter 3 on KOH 
capture by kaolin,185 a fully conversion of kaolin into K-aluminosilicate was observed. The 
difference between kaolin and ASV2CFA0-32 indicates that, the controlling mechanisms of 
KOH-capture reaction by coal fly ash and kaolin in the EFR are different. In the KOH-kaolin 
system, the reaction was equilibrium limited, while the KOH-coal fly ash reaction was 
probably diffusion or kinetically controlled. 
5.3.2.4 Impact of coal fly ash particle size 
The K-capture level (CK) and K-conversion (XK) of KOH by ASV2 coal fly ash of different 
particle sizes are compared in Figure 5-6. At 800 °C, the CK and XK of ASV2 coal fly ash of 
different particle sizes are almost independent of different particle size, probably due to a 
kinetically controlled reaction at this temperature. When the reaction temperature 
increased to 900 °C and above, the CK of the finer coal fly ash (ASV2CFAGR) was 
significantly higher than that of normal coal fly ash (ASV2CFA0-32). The CK and XK of 
coarse coal fly ash (ASV2CFA32-45) were lower than that of ASV2CFA0-32. This indicates 
that at 900-1300 °C, the reaction was diffusion-influenced. 
 
  
(A) K-capture level (B) K-conversion 
Figure 5-6. Comparison of K-capture level (CK) and K-conversion (XK) of KOH capture by 
ASV2 coal fly ash of different particle sizes: ASV2CFAGR with D50 = 6.03 μm, ASV2CFA0-32 
with D50 = 10.20 μm, and ASV2CFA32-45 with D50 = 33.70 μm. The reaction temperature 
was 1300 °C; gas residence time was 1.2 s; KOH concentration in flue gas was 500 ppmv, 
with molar K/(Al+Si) ratio of 0.481. 
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5.3.2.5 KOH capture by kaolin, mullite and coal fly ash 
The measured K-capture level (CK) and K-conversion (XK) of KOH-coal fly ash (ASV2CFA0-
32 and ASV2CFAGR) reaction obtained at different temperatures are compared with the 
experimental results of KOH-kaolin and mullite reaction from Chapter 3185 in Figure 5-7. 
The mullite sample was generated by heat treatment of kaolin at 1100 °C for 24 hours 185. 
The median diameter D50 of ASV2CFAGR (D50 = 6.02 μm) was comparable to that of the 
kaolin (D50 = 5.47 μm) and mullite powder (D50 = 5.90 μm), while the D50 of ASV2CFA0-32 
was somewhat larger (10.2 μm). The BET surface area of kaolin (12.7 m2/g) was higher than 
those of mullite (5.30 m2/g) and ASV2CFAGR (9.07 m2/g). The main mineral phase of the 
mullite powder and the ASV2 coal fly ash (ASV2CFAGR, ASV2CFA0-32) was mullite, 
whereas it was kaolinite for kaolin powder. 
The results show that at 800 °C, the CK of ASV2CFA0-32, ASV2CFAGR and mullite was at 
the same level, about 0.020 g K/(g additive), while the value for kaolin was much higher at 
0.167 g K/(g additive). One possible reason is that the BET surface areas of coal fly ash and 
mullite were smaller than that of kaolin, resulting in a smaller amount of reactive spots and 
a slower internal diffusion of KOH. Another possible reason is that the kinetics of the KOH-
capture reaction by mullite and kaolinite are different and it is probably slower for mullite 
than that of kaolinite or metakaolin. Considering that the BET surface area and median 
diameter D50 of ASV2CFAGR were comparable to those of kaolin but that the CK of kaolin 
was still considerably higher than that of ASV2CFAGR, the difference of the kinetics of 
KOH-capture by kaolinite and mullite might be the main reason for the observed difference 
of CK at 800 °C. 
In the temperature range 900-1300 °C, the CK of coal fly ashes, mullite and kaolin all 
increased with increasing temperature, but the CK of coal fly ash and mullite was both 
considerably lower than that of kaolin. When the temperature increased further to 1450 °C, 
the CK of mullite increased significantly, and it became comparable to that of kaolin. 
However, there is a less pronounced increase in CK for the two ASV2 coal fly ashes. At 
1450 °C, the relatively lower CK of the two ASV2 coal fly ashes may be partly due to the 
equilibrium limit as shown in Figure 5-8, and partly due to internal diffusion limitations. In 
summary, the KOH-capture reaction by kaolin, mullite and coal fly ash at 800 °C were all 
kinetically controlled. At 900-1300 °C, KOH capture by mullite and coal fly ash were more 
diffusion-influenced. At 1450 °C, KOH capture by kaolin, and mullite was limited by 
equilibrium, while it is diffusion influence for coal fly ash (ASV2CFA0-32 and ASV2CFAGR). 
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Figure 5-7. Comparison of K-capture level (CK) and K-conversion (XK) of ASV2 coal fly ashes 
of different particle size (ASV2CFA0-32 and ASV2CFAGR), kaolin and mullite. The KOH 
concentration was 500 ppmv in all experiments, with molar K/(Al+Si) ratio of 0.481. Gas 
residence time was 1.2 s. 
 
 
Figure 5-8. Comparison of equilibrium calculated K-capture level (CK) of KOH capture by 
kaolin and ASV2CFA0-32. The KOH concentration was 500 ppmv in flue gas, with molar 
K/(Al+Si) ratio of 0.481. 
5.4 Conclusions 
The KOH-capture reaction with coal fly ash was studied by entrained flow reactor 
experiments and equilibrium calculations. The impacts of KOH-concentration, molar ratio 
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of K/(Al+Si) in reactants, reaction temperature and particle size of coal fly ash were 
investigated. The results of KOH-capture reaction using coal fly ash was also compared with 
the results of kaolin and mullite in Chapter 3.185 
The experimental results at 1300 °C and a gas residence time of 1.2 s, with different KOH 
concentrations and molar ratio of K/(Al+Si) of the feed showed that, the K-capture level 
(CK) of coal fly ash increased with the KOH concentration at 50-500 ppmv KOH (K/(Al+Si) 
= 0.048-0.481), but did not increase further at a KOH concentration of 750-1000 ppmv. At 
50 ppmv KOH, the measured K-capture level (CK) was comparable to that of equilibrium 
calculation and the CK of kaolin from Chapter 3
185. However, at 250 ppmv KOH and above 
(molar K/(Al+Si) ≥ 0.240), the measured CK was lower than the equilibrium data. The main 
alkali product species formed were leucite (KAlSi2O6) at 250 ppmv, and kaliophilite 
(KAlSiO4) at 500 ppmv. Although the types of formed K-aluminosilicates (predicted by 
equilibrium calculations) agreed with those of the KOH-kaolin reaction, coal fly ash 
captured KOH less effectively at 250 ppmv KOH and above. 
At 500 ppmv KOH (K/(Al+Si) = 0.481 in reactants), when the temperature changed from 
800 to 1450 °C, CK of the coal fly ash generally increased from 0.025 g K/(g additive) to 
0.087 g K/(g additive). The K-capture level (CK) was lower than that of kaolin throughout 
the temperature range studied. At 800 °C, with a particle size of D50 = 10.20 μm, the KOH-
capture reaction by coal fly ash was probably kinetically controlled. At 900-1300 °C, the 
reaction conversion level increased with the decreased particle size and was transport 
limited, but may also be kinetically limited. At 1450 °C the reaction was limited by 
equilibrium as well. The gradual increase of CK at 900-1450°C may be caused by the 
increased internal or external transport of KOH. 
At 50 ppmv KOH (K/(Al+Si) = 0.048), which is representative for the gaseous potassium 
level in wood suspension-fired plants, CK of coal fly ash (around 0.02 g K/(g additive)) was 
comparable to the equilibrium data. Results of the reaction between KOH and coal fly ash of 
different particle sizes at 900-1300 °C showed that, decreasing the coal fly ash particle size 
from D50 = 10.20 μm to D50 = 6.03 μm could increase the K-capture level (CK) from 0.05 to 
0.08 g K/(g additive).  
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Potassium Capture by Coal Fly Ash, 
 Part 2: K2CO3, KCl, and K2SO4 
 
6 Potassium Capture by Coal Fly Ash, Part 2: KCl, K2CO3, and K2SO4 
Abstract: The potassium capture behavior of two coal fly ashes at well-controlled 
suspension-fired conditions was investigated through entrained flow reactor (EFR) 
experiments and chemical equilibrium calculations. The impact of local reaction 
conditions, i.e., K-speciation (K2CO3, KCl or K2SO4), K-concentration in flue gas, 
molar K/(Al+Si) ratio in reactants, reaction temperature, and coal ash type on the 
reaction was studied. The results show that the K-capture level of coal fly ash at a K-
concentration of 500 ppmv was considerably lower than the equilibrium data as well 
as that of kaolin.192 However, at 50 ppmv K, which is close to the typical K level in full-
scale wood dust-firing boilers, no obvious difference between kaolin and coal fly ash 
was observed. Comparison of results for different K-species showed that coal fly ash 
captured KOH and K2CO3 more effectively than KCl and K2SO4. Additionally, a coal fly 
ash with higher content of Si and a lower melting point captured KCl more effectively 
than the reference coal fly ash.  
6.1 Introduction 
Biomass suspension-combustion has a higher electrical efficiency and higher load-
flexibility compared to traditional grate-fired boilers, but the ash-related problems, 
including deposition, corrosion and SCR catalyst deactivation, may be more severe 67 
than that in grate-fired boilers,4, 17, 22-24, 26, 156, 187, 193 due to a higher concentration of fly 
ash in the flue gas.4 Potassium originating from biomass is the primary cause for the 
ash-related problems. Potassium may be present as KOH, KCl, K2SO4 in the flue gas or 
other forms depending on the fuel composition, ash transformation chemistry, 
combustion conditions, etc.22 In combustion of woody biomass with low chlorine and 
sulfur concentrations, potassium exists in the flue gas in the boiler chamber mainly as 
gaseous KOH.14, 21 When firing straw or other chlorine-rich biomass, chlorine 
facilitates the release of potassium, and KCl becomes the main K-species in the high 
temperature flue gas. Apart from accelerating deposit formation and SCR catalyst 
deactivation, severe corrosion is also attributed to KCl.28-30, 152, 194 When firing bio-fuels 
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containing sulfur, K2SO4 is formed as another K-compound.
193 The binary system of 
KCl and K2SO4 may melt at temperatures as low as 690 °C,
33 forming a sticky surface 
on super-heaters and boiler surfaces, which results in accelerated fouling and slagging.  
Various methods have been developed to overcome these ash-related problems in 
biomass-fired boilers, including use of additives,59, 68, 82, 83, 140, 158, 178 co-firing,121 
leaching,61, 62, 195, 196 and application of anti-corrosion coating or materials.197, 198 Kaolin 
and coal fly ash are effective additives which can chemically capture K-species forming 
K-aluminosilicates with higher melting points. 
Coal fly ash is the only additive that has been commercially utilized in full-scale 
biomass suspension-fired boilers for K-capture.12, 14 In a full-scale boiler measuring 
campaign conducted by Wu and co-workers,12 the influence of the addition of coal fly 
ash on the transformation of potassium, the deposition behavior, the deposit 
composition and the formation of sub-micrometer aerosols was systematically 
investigated.12, 14 The amount of aerosols formed was greatly suppressed, with the 
composition of the aerosols changed from K-S-Cl rich to Ca-P-Si rich14 when adding 
coal fly ash. The large outer deposit changed from K-Ca-Si rich to Si-Al rich, resulting 
in an easier and more frequent removal of the deposits.12 However, due to the 
complexity of full-scale boiler combustion and the inevitable variation of conditions 
(bulk chemistry of fuel, load of boiler, etc.), it is almost impossible to conduct well-
controlled quantitative studies on the K-capture reaction of coal fly ash in full-scale 
boilers. 
Some lab-scale experiments have been carried out to alleviate these problems.93, 122 
Zheng et al. studied the KCl capture behavior of coal fly ash pellets in a fixed bed 
reactor,93 where two types of coal ash were utilized: bituminous coal ash and lignite 
coal ash. The influences of parent coal type, the reaction temperature, and the K-
concentration on the reaction were investigated. The results were also compared with 
that of kaolin,192 showing that bituminous coal ash with a high content of Al and Si 
behaved similarly to kaolin and captured KCl effectively. However, the lignite coal ash 
pellets, which were rich in Ca and Mg, only captured negligible amounts of 
potassium.93  
In another fixed bed reactor study, Liu et al.122 investigated the KCl capture reaction by 
bituminous coal fly ash (70-100 μm) which were paved in a stainless steel wires 
holder.122 The impact of reaction temperature, KCl-concentration and the reaction 
atmosphere was investigated. The results indicated that 900 °C was the optimal K-
capture temperature for the investigated coal fly ash. In addition, a reducing 
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atmosphere and the presence of water vapor promoted the K-capture capability of the 
coal fly ash.122 
Through these fixed bed studies, important data on K-capture by coal fly ash were 
obtained. However, the reaction conditions in the fixed bed reactors are obviously 
different from those in full-scale suspension-fired boilers.93 In the fixed bed reactors, 
coal ash was usually in the form of pellets, flakes, piles or paved in holders, causing the 
reaction with gaseous K-species to be influenced by internal diffusion.74, 78, 93 In 
suspension-fired boilers, coal ash particles are well-dispersed in the flue gas, having a 
size smaller than 100 μm, and the controlling mechanism can be quite different. The 
K-capture reaction under suspension-fired conditions can be limited by thermal 
equilibrium, mass transfer, or chemical kinetics. Additionally, local reaction 
temperature, gas atmosphere, additive particle size, additive composition and reaction 
time also impact upon the K-capture reaction by coal fly ash.93, 98, 114 However, 
knowledge on the K-capture reaction of coal ash is limited, and quantitative 
experimental results on K-capture by coal fly ash at suspension-fired conditions are 
still not available. Understanding the reaction as well as its relation to local 
parameters is desirable to achieve an optimal performance of added coal fly ash and 
model development.  
The objective of this chapter is to study the K-capture reaction by coal fly ash at 
suspension-fired conditions. The impacts of coal ash type, ash particle size, K-species 
type, K-concentration, and reaction temperature on the K-capture reaction were 
investigated. This chapter and Chapter 5 studied the potassium capture by coal fly ash. 
Chapter 5 focused on the KOH capture reaction by coal fly ash,199 and this chapter 
addresses the reaction of coal fly ash with KCl, K2CO3 and K2SO4. 
6.2 Experimental 
The K-capture experiments using coal fly ash were carried out in the DTU entrained 
flow reactor (EFR), which has been described in Chapter 2. Three different K-species 
(KCl, K2CO3 and K2SO4) and two types of coal fly ash (ASV2 and AMV) were utilized. 
The influence of local parameters on the reaction was investigated by preforming EFR 
experiments under the experimental conditions summarized in Table 6-1. In series (A) 
of Table 6-1, the coal fly ash concentration in flue gas was constant, while the KCl 
concentration in flue gas was varied from 50 ppmv to 750 ppmv. The corresponding 
molar K/(Al+Si) ratio in reactants changed from 0.048 to 0.721. In experimental series 
(B) and (C) the KCl-concentration was kept constant, but the reaction temperature 
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was changed from 800 °C to 1450 °C to study the influence of temperature on the KCl 
capture reaction using ASV2 and AMV coal fly ashes. The K2CO3 and K2SO4 capturing 
behavior by coal fly ash was investigated in experimental series (D) and (E) of Table 
6-1. 
Table 6-1. Experimental conditions of K-capture using coal fly ashes. 
Experimental series K-species Additives Temp./°C 
Gas 
residence 
time/s 
K in gas 
/ppmv 
K/(Al+Si) 
(A) 
KCl-capture by 
ASV2CFA0-32 (impact 
of K-concentration) 
KCl 
ASV2CFA 
0-32 
1300 1.2 
50* 0.048 
250 0.240 
500* 0.481 
750 0.721 
(B) 
KCl-capture by 
ASV2CFA0-32 (impact 
of temperature) 
KCl 
ASV2CFA 
0-32 
800 
1.2 50, 500 
0.048, 
0.481 
900 
1100 
1300 
1450 
(C) 
KCl-capture by 
AMVCFA0-32 (impact 
of temperature) 
KCl 
AMVCFA 
0-32 
800 
1.2 500 0.481 
900 
1100 
1300 
1450 
(D) 
K2CO3-capture by 
ASV2CFA0-32 (impact 
of temperature) 
K2CO3 
ASV2CFA 
0-32 
800 
1.2 500 0.481 900 
1300 
(E) 
K2SO4-capture by 
ASV2CFA0-32 (impact 
of temperature) 
K2SO4 
ASV2CFA 
0-32 
800 
1.2 500 0.481 900 
1300* 
*Experiments were repeated. 
6.3 Results and discussion 
6.3.1 KCl capture by coal fly ash 
6.3.1.1 Equilibrium calculations 
Equilibrium calculation results of KCl capture by ASV2CFA0-32 at 50-1000 ppmv KCl 
and 800-1450 °C were summarized in Table 6-2. Detailed results of the equilibrium 
calculations are available in Appendix D. The results show that the type of K-
aluminosilicate formed from the K-capture reaction varied with the changing KCl-
concentration and the corresponding molar ratio of K/(Al+Si) in reactants. At 50 
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ppmv KCl (molar K/(Al+Si) ratio in reactant was 0.048), sanidine (KAlSi3O8) was the 
main K-aluminosilicate. When the KCl concentration increased to 250 ppmv and 500 
ppmv, leucite (KAlSi2O6) was predicted to be the dominant K-aluminosilicate at 1100-
1450 °C. At 800-900 °C, kaliophilite (KAlSiO4) and leucite (KAlSi2O6) co-existed in 
the solid products. The equilibrium K-capture level (CK) of coal fly ash increased when 
the KCl concentration changed from 50 ppmv to 500 ppmv. However, when the KCl 
concentration was increased further to 750 and 1000 ppmv, no further increase of CK 
was observed. 
6.3.1.2 Impact of KCl concentration 
To investigate the KCl-capture behavior of coal fly ash at different KCl concentrations, 
experiments were conducted at 50 ppmv to 750 ppmv KCl, where the molar ratio of 
K/(Al+Si) in reactants changed from 0.048 to 0.721, correspondingly. The 
experimental results and equilibrium calculation data are compared in Figure 6-1. 
Results of KCl-capture by kaolin from Chapter 4192 were also included for comparison. 
  
K-capture level (CK) K-conversion (XK) 
Figure 6-1. K-capture level (CK) and K-conversion (XK) of KCl capture by ASV2CFA0-
32 at different KCl concentration from 50 ppmv to 750 ppmv (molar ratio of K/(Al+Si) 
changed from 0.048 to 0.721). Reaction temperature was 1300 °C, and gas residence 
time was 1.2 s. Experimental data of KCl capture by kaolin from Chapter 4192 and 
equilibrium calculation data of KCl capture by ASV2CFA0-32 were included for 
comparison. 
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It is seen from Figure 6-1, that the measured K-capture level (CK) of ASV2CFA0-32 increased 
from 0.019 g K/(g additive) to 0.041 g K/(g additive), when the KCl concentration increased 
from 50 ppmv to 500 ppmv. Measured K-conversion (XK) of ASV2CFA0-32 decreased from 
80.0 % to 17.5 % correspondingly. However, when the KCl-concentration increased further 
to 750 ppmv and 1000 ppmv, CK did not increase, with XK decreased further to 11.7 %. 
Comparing to the equilibrium calculation results, the measured CK and XK was considerably 
lower. This implied that the KCl-ASV2CFA0-32 reaction was far from reaching chemical 
equilibrium probably due to internal diffusion limitations of KCl. 
Comparing the CK and XK of ASV2CFA0-32 with kaolin
192 in Figure 6-1, at 250 ppmv KCl and 
above, the experimental CK and XK of ASV2CFA0-32 were remarkably lower than that of 
kaolin.192 The lower BET surface area (8.04 m2/g) and the relatively bigger particle size (D50 
= 10.20 μm) of ASV2CFA0-32 compared with kaolin (BET surface area = 12.70 m2/g, D50 = 
5.47 μm) was one possible reason; another possible reason being the lower reactivity of 
mullite in coal fly ash towards potassium, compared to kaolinite.93 At 50 ppmv KCl, the 
measured CK and XK of ASV2CFA0-32 were comparable to those of kaolin
192 at the same 
molar ration of K/(Al+Si) in reactants. The result indicated that at low K-concentrations, 50 
ppmv, which is representative for the gaseous potassium level in practical wood suspension-
fired plants,12, 13, 49, 151 the K-capture capacity of kaolin and coal fly ash is similar. This is 
probably because at lower K/(Al+Si), the mullite in the surface layer of coal fly ash particles 
is probably sufficient for capturing the low amount of potassium, therefore the reaction is 
less influenced by the internal diffusion of KCl. 
The XRD results of water-washed KCl-reacted ASV2CFA0-32 are shown in Figure 6-2. In the 
50 ppmv KCl-reacted ash sample, no crystalline K-aluminosilicate was detected, although 
sanidine (KAlSi3O8) was predicted by the equilibrium calculations (Table 6-2). This is 
probably because K-aluminosilicate products existed in amorphous phase or its content was 
too low to be detected. Leucite (KAlSi2O6) was detected both in the 250 ppmv and 500 
ppmv KCl-reacted ash samples. This agrees with the equilibrium prediction shown in Table 
6-2. Additionally, the types of K-aluminosilicate detected also agree with what was observed 
in KCl-kaolin reaction in Chapter 4.192 Notably, in addition to K-aluminosilicate, mullite 
(3Al2O3∙2SiO2) and quartz (SiO2) were also detected in all the KCl-reacted ash samples, 
indicating that some mullite and quartz originating from the parental coal fly ash remained 
unreacted. This is presumably the reason why the measured K-capture level (CK) of 
ASV2CFA0-32 was remarkably lower than the equilibrium prediction. 
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Figure 6-2. XRD spectra of water-washed KCl-reacted ASV2CFA0-32 at 50 ppmv, 250 ppmv 
and 500 ppmv KCl in flue gas. The reaction temperature in the EFR was 1300 °C. The molar 
ratio of K/(Al+Si) in the reactants changed from 0.048 to 0.961. Gas residence time was 1.2 
s. 
6.3.1.3 Impact of reaction temperature 
The K-capture level (CK) and K-conversion (XK) of KCl capture by ASV2CFA0-32 and 
AMVCFA0-32 at different temperatures were shown in Figure 6-3 and Figure 6-4, 
respectively. For ASV2CFA0-32, experiments were conducted at 50 ppmv and 500 ppmv 
KCl. For AMVCFA0-32, experiments were only conducted in the case of 500 ppmv KCl. For 
all experiments, the gas residence time was kept constant at 1.2 s. 
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(A) K-capture level at 50 ppmv KCl (B) K-conversion at 50 ppmv KCl 
  
(C) K-capture level at 500 ppmv KCl (D) K-conversion at 500 ppmv KCl 
Figure 6-3. K-capture level (CK) and K-conversion (XK) of KCl-capture by ASV2CFA0-32 at 
different temperatures (800-1450 °C). In (A) and (B) KCl-concentration was 50 ppmv 
(molar ratio of K/(Al+Si) = 0.048). In (C) and (D) KCl-concentration was 500 ppmv (molar 
ratio of K/(Al+Si) = 0.481). Gas residence time was 1.2 s. Equilibrium calculation results are 
included for comparison. 
As shown in Figure 6-3(A) and (B), at 50 ppmv KCl, the measured CK and XK of ASV2CFA0-
32 were close to the equilibrium calculation data and no obvious change of CK was observed 
within the studied temperature range (800-1450 °C). CK was around 0.018 g K/(g additive), 
with about 80 % of the potassium fed captured by coal fly ash.  
Figure 6-3(C) and (D) show that, at 800 °C and 500 ppmv, the measured CK is fairly low 
(0.015 g K/(g additive)). However, when the reaction temperature increased to 900 and 
1100 °C, the experimental CK increased significantly to 0.035 g K/(g additive). This is 
because, at 800 °C, the KCl-coal fly ash reaction was probably kinetically controlled, and it 
was less kinetically influenced at 900-1100 °C. As the reaction temperature increased further 
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to 1300 and 1450 °C, CK increased gradually to 0.053 g K/(g additive). However, the 
experimental CK and XK were both obviously lower than the equilibrium predictions. 
Noticing the vaporization degree of KCl (500 ppmv) at different temperatures from 800 to 
1450 °C in the EFR was similar (95.4-99.7%). The increase of CK at 900-1450 °C, especially at 
1300 and 1450 °C, is probably due to the melting of coal ash particles (deformation 
temperature of ASV2CFA0-32 was 1280 °C), which enhanced the KCl diffusion inside the 
particle (D50 = 10.20 μm). A similar phenomenon was observed in the KCl capture 
experiments using AMVCFA0-32, as discussed below. 
Another interesting result in Figure 6-3 is that, at 800 °C, CK of 500 ppmv KCl (0.015 g K/(g 
additive)) is comparable to that of 50 ppmv KCl (0.014 g K/(g additive)). It shows that, at 
800 °C, increasing the KCl-concentration from 50 to 500 ppmv did not elevate the amount 
of potassium captured by coal fly ash under the studied condition. This is probably because 
the reaction at 800 °C was kinetically controlled and the KCl concentration did not to a 
large degree influence the reaction. 
The experimental CK and XK for KCl-capture by AMVCFA0-32 are shown in Figure 6-4 (A) 
and (B). The trend of CK and XK of AMVCFA0-32 was similar to that of ASV2CFA0-32. At 
800 °C, CK was as low as 0.015 g K/(g additive), and it increased to around 0.030 g K/(g 
additive) at 900 and 1100 °C. When the temperature increased further to 1300 and 1450 °C, 
CK increased considerably to 0.069 g K/(g additive).  
The experimental CK for KCl capture by bituminous coal fly ash pellets (diameter of 1.5 mm 
in a fixed bed reactor) from literature93 is included in Figure 6-4 (A) for comparison. The 
KCl concentration in the fixed bed reactor was 1000 ppmv, and the residence time was 1 
hour, i.e., much longer than that in the EFR (1.2 s) of this study. It is seen that CK in the fixed 
bed reactor from literature was considerably higher than that in the EFR at 800-1100 °C. 
This is because the longer residence time in the fixed bed reactor favored the reaction and 
more Al and Si from coal fly ash participated in the KCl capture reaction. However, at 
1300 °C, the CK in fixed bed and EFR became comparable despite the difference in residence 
time and KCl concentration. Possibly this is because the melting of the ash particles at high 
temperature (1300 °C and 1450 °C) made the reaction in the EFR less diffusion-influenced. 
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(A) K-capture level of AMVCFA0-32 (B) K-conversion of AMVCFA0-32 
Figure 6-4. KCl capture by AMVCFA0-32 at different temperatures (800 °C - 1450 °C). KCl-
concentration was 500 ppmv with molar ratio of K/(Al+Si) = 0.481 in reactants. Gas 
residence time was 1.2 s. Equilibrium calculation results and fixed bed reactor data* 
(bituminous coal ash pellets with diameter of 1.5 mm, 1100 °C, 1000 ppmv KCl, residence 
time was 1 hour) calculated from literature93 are included for comparison. 
6.3.1.4 Impact of coal fly ash type 
The measured CK of the two ashes (ASV2CFA0-32 and AMVCFA0-32) as well as that of 
kaolin from Chapter 4192 are compared in Figure 6-5. Below 1100 °C, CK and XK of 
ASV2CFA0-32 and AMVCFA0-32 were similar, whereas at 1300 °C and 1450 °C, AMVCFA0-
32 captured KCl more effectively than ASV2CFA0-32, despite its higher content of K and Na. 
One possible reason is that the melting point of AMVCFA0-32 is lower than ASV2CFA0-32, 
as shown in Table 2-1. The melting presumably facilitates diffusion of KCl inside the fly ash 
particles. Similar phenomena, that the K-capture amount by coal fly ash increased at 
1200 °C and above, was observed by Zheng in a fixed bed study of KCl capture by coal fly ash 
pellets.93 Another possible reason is that the Si concentration in AMVCFA0-32 is higher 
than that in ASV2CFA0-32. The higher Si content facilitated the formation of leucite 
(KAlSi2O6) (K:Al:Si = 1:1:2) in the KCl-coal fly ash reaction.  
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Figure 6-5. Comparison of CK of KCl capture by ASV2CFA0-32, AMVCFA0-32 and kaolin
192 
at different temperature. KCl-concentration was 500 ppmv with molar ratio of K/(Al+Si) = 
0.481, gas residence time was 1.2 s. 
6.3.2 K2CO3 capture by coal fly ash 
6.3.2.1 Equilibrium calculation 
Equilibrium calculations of K2CO3 capture by ASV2CFA0-32 were conducted with a K2CO3 
concentration of 250 ppmv (K-concentration in flue gas was 500 ppmv), and reaction 
temperatures changing from 500 °C to 1800 °C. The equilibrium calculation results are 
summarized in Table 6-3, and detailed data can be found in Appendix D. 
The equilibrium calculation results generally agreed with the prediction for KOH-capture by 
ASV2CFA0-32 in our Chapter 3.199 At 250 ppmv K2CO3 (K/(Al+Si) = 0.481) and 800-1300 °C, 
kaliophilite (KAlSiO4) was predicted to be the dominant K-aluminosilicate, together with 
some (leucite) KAlSi2O6. At 1450 °C, leucite (KAlSi2O6) was present as the dominant K-
aluminosilicate product. The equilibrium CK and XK was constant at 800-1300 °C, and a 
decreased CK was predicted at 1450 °C.  
6.3.2.2 Impact of reaction temperature 
The measured CK and XK of K2CO3 capture by ASV2CFA0-32 are compared to the 
equilibrium calculations in Figure 6-6, under the conditions of 800-1300 °C, 250 ppmv 
K2CO3 and a gas residence time of 1.2 s. The experimental CK and XK of K2CO3 capture by 
kaolin (D50 = 5.47 μm) from Chapter 4
192 were included for comparison. We believe that at 
the applied temperatures (800°C and above) K2CO3 decomposes to KOH that reacts with 
the coal fly ash. 
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According to work, the vaporization degree of K2CO3 at 800-1450 °C in the EFR was similar 
(97.3-99.7 %). However, experimental CK (0.025 g K/(g additive)) at 800 °C was much lower 
than that at 900 °C (0.056 g K/(g additive)). The significant difference is probably because 
the reaction was kinetically controlled at 800 °C. When the reaction temperature increased 
to 1300 °C, CK increased slightly to 0.070 g K/(g additive). The experimental XK had the 
same trend as that of CK, and it was below 30 % throughout the whole temperature range 
studied.   
  
(A) K-capture level CK  (B) K-conversion XK 
Figure 6-6.  K-capture level (CK) and K-conversion (XK) of K2CO3 capture by ASV2CFA0-32 
at temperatures from 800 °C to 1300 °C. K2CO3 concentration was 250 ppmv, with molar 
ratio of K/(Al+Si) = 0.481. Gas residence time was 1.2 s. Equilibrium calculation results of 
K2CO3 capture by ASV2CFA0-32, and experimental results of K2CO3-capture by kaolin from 
Chapter 4192 are included for comparison. 
The results also show that the experimental CK and XK of ASV2CFA0-32 were significantly 
lower than that of kaolin192 and the data predicted by equilibrium. The lower BET surface 
area of coal fly ash (8.04 m2/g) than that of kaolin (12.70 m2/g), and the bigger particle size of 
ASV2CFA0-32 (D50 = 12.70 μm) than that of kaolin (D50 = 5.47 μm) may cause some of the 
difference. Another possible reason is that the main mineral phase in ASV2CFA0-32, 
mullite, was less active towards K2CO3. Additionally, the relatively lower Al content of 
ASV2CFA0-32 may have contributed to the lower CK as well.  
The XRD spectra of water-washed K2CO3-reacted ASV2CFA0-32 at different temperatures 
were compared in Figure 6-7. In the 1300 °C sample, kaliophilite (KAlSiO4) was detected 
together with mullite and quartz. However, in the 800 °C and 900 °C samples, no 
crystalline K-aluminosilicate was detected although the ICP-OES analysis showed that the 
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experimental CK at 900 °C was similar as that of 1300 °C. This is probably because, at 
900 °C, only amorphous K-aluminosilicate was formed, and it cannot be detected by XRD. 
 
Figure 6-7. XRD spectra of water-washed K2CO3-reacted ASV2CFA0-32 coal fly ashes. K2CO3 
concentration was 250 ppmv; molar K/(Al+Si) in reactants was 0.481. Gas residence time 
was 1.2 s. 
 
6.3.3 K2SO4 capture by coal fly ash 
6.3.3.1 Equilibrium calculation 
Equilibrium calculations of K2SO4 capture by ASV2CFA0-32 were conducted at 250 ppmv 
K2SO4 and a temperature range from 500 °C to 1800 °C. The equilibrium calculation results 
are summarized in Table 6-4. Detailed results are provided in Appendix D. 
The equilibrium calculations show that at 800 °C, 900 °C and 1450 °C, leucite (KAlSi2O6) 
was predicted to be the dominant K-aluminosilicate product. At 1100 °C and 1300 °C, 
kaliophilite (KAlSiO4) was predicted to be present as the main K-aluminosilicate in the 
product. The calculated CK firstly increased and then decreased with the increasing 
temperature in the studied temperature range. 
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6.3.3.2 Impact of temperature 
The experimental CK and XK of K2SO4 capture by ASV2CFA0-32 are compared with 
equilibrium calculations as well as the experimental CK and XK of K2SO4 capture by kaolin 
192 
in Figure 6-8. At 800 °C, CK of ASV2CFA0-32 was 0.013 g K/(g additive), with only 5.7 % 
K2SO4 converted into K-aluminosilicate. The low conversion was partly because of an 
incomplete vaporization of K2SO4, and partly because the reaction was slow at 800 °C. At 
900 °C and 1300 °C, CK increased to 0.025 g K/(g additive) and 0.037 g K/(g additive) 
respectively. However, similar to what was observed for KCl and K2CO3 capture by 
ASV2CFA0-32, the measured CK and XK of K2SO4 were remarkably lower than the 
equilibrium data. This is because the fly ash only partly reacted, with some mullite 
remaining unreacted in products. This was supported by the XRD results shown below. 
  
(A) K-capture level (CK) (B) K-conversion (XK) 
Figure 6-8. K-capture level (CK) and K-conversion (XK) of K2SO4 capture by ASV2CFA0-32 at 
temperatures from 800 °C to 1300 °C. K2SO4 concentration in flue gas was 250 ppmv, and 
molar ratio of K/(Al+Si) in reactants was 0.481. Gas residence time was 1.2 s. Equilibrium 
calculation results of K2SO4 capture by ASV2CFA0-32, and experimental CK of K2SO4 
capture by kaolin192 are included for comparison. 
The XRD spectra of water-washed K2SO4-reacted ASV2 coal fly ash are compared in Figure 
6-9. At 800 °C and 900 °C, only mullite and quartz were detected in the products, with no 
indication of crystalline K-aluminosilicates. In the 1300 °C sample, leucite (KAlSi2O6) was 
the only K-aluminosilicate detected, although kaliophilite (KAlSiO4) and leucite (KAlSi2O6) 
were predicted to co-exist by the equilibrium calculation. Similar results were observed in 
the K2SO4-kaolin reaction in Chapter 4.
192  
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Figure 6-9.  XRD spectra of water-washed K2SO4-reacted ASV2 coal fly ashes (ASV2CFA0-
32) at different temperatures (800, 900 and 1300 °C). K2SO4 concentration was 250 ppmv; 
molar K/(Al+Si) ratio in reactants was 0.481. Gas residence time was 1.2 s. 
6.3.4 Comparison of different K-species 
Reaction between ASV2CFA0-32 and different K-species (KOH, K2CO3, KCl and K2SO4) is 
compared in Figure 6-10. The results of KOH-ASV2CFA0-32 reaction are from Chapter 5.199 
It shows that the K-capture level (CK) for KOH and K2CO3 by ASV2CFA0-32 were very 
similar (0.05-0.07 g K/(g additive)). We attribute this to a rapid conversion of K2CO3 to 
KOH in the reactor followed by reaction of KOH with ASV2CFA0-32. A similar behavior was 
observed in Chapter 3 and 4 where KOH and K2CO3 capture by kaolin was investigated.
185, 
192 The trend of CK of K2SO4 capture by ASV2CFA0-32 at different temperatures generally 
agreed with that of KCl (CK = 0.02-0.04 g K/(g additive)). Similar results were also seen in 
Chapter 4, where KCl and K2SO4 capture by kaolin was investigated.
192 ASV2CFA0-32 
captured KOH and K2CO3 more effectively than KCl and K2SO4 in the studied temperature 
range and K-concentration.  
The results imply that in the case of capturing KCl or K2SO4, more additives may be needed 
to achieve a satisfactory K-capture. The reason for this is that at high temperatures the main 
product of the reaction with KCl or K2SO4, is leucite (KAlSi2O6) while the main product of 
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reactions with KOH and K2CO3 is kaliophilite (KAlSiO4).  In addition, coal fly ash with a 
relatively higher content of Si seems more suitable than coal fly ash with a similar Al and Si 
contents for K-capture when burning Cl-rich biomass fuels. 
 
Figure 6-10. Comparison of CK of K-capture by ASV2CFA0-32 using different K-species 
(KOH, K2CO3, KCl and K2SO4). The K-concentration was 500 ppmv; molar K/(Al+Si) ratio 
in reactants was 0.481. Gas residence time was 1.2 s. * Data of KOH capture by ASV2CFA0-
32 was from Chapter 5. 
6.4 Conclusions 
The KCl, K2CO3 and K2SO4 capture behavior of two coal fly ashes were studied by 
conducting experiments in an entrained flow reactor and chemical equilibrium calculations. 
The influence of the type of K-species and K-concentration in flue gas, molar ratio of 
K/(Al+Si) in reactants, reaction temperature, as well as the type of coal fly ash on the K-
capture reaction was systematically investigated.  
For KCl at 1300 °C, the K-capture level (CK) of coal fly ashes increased from 0.02 g K/(g 
additive) to 0.04 g K/(g additive) when the KCl concentration increased from 50 ppmv to 
500 ppmv (molar ratio of K/(Al+Si) in reactants increased from 0.048 to 0.481). However, 
no increase in CK was observed when the KCl concentration increased further to 750 ppmv 
(molar ratio of K/(Al+Si) = 0.721). 
At 800 °C, the K-capture reaction was kinetically limited and a relatively low K-capture level 
(CK) was observed for all K-species: KOH,
199 KCl, K2CO3 and K2SO4. At 900 °C and up to 
1450 °C, CK generally increased with increasing reaction temperature for all the applied K-
species. Possibly the melting of coal fly ash at high temperature (1300 and 1450 °C) 
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enhanced the internal diffusion of K-species, which consequently contributed to the 
increase of CK. KOH and K2CO3 had similar CK levels of 0.05-0.07 g K/(g additive), and KCl 
and K2SO4 obtained CK levels of 0.02-0.04 g K/(g additive) in the temperature range from 
900 to 1450°C (with a K-concentration of 500 ppmv, molar K/(Al+Si) ratio in reactants of 
0.481 and a residence time of 1.2 s). At high temperature (1300 °C) crystalline kaliophilite 
(KAlSiO4) was detected in K2CO3-reacted coal fly ash, and leucite (KAlSi2O6) were detected 
in KCl and K2SO4-reacted coal fly ashes. In addition, mullite was detected in reacted coal fly 
ashes by XRD, showing that coal fly ash remained only partially reacted in the product 
samples. 
The CK and XK levels of the two investigated coal fly ashes were compared with that of 
kaolin from Chapter 3 and 4.185, 192 CK of the two coal fly ashes was obviously lower than that 
of kaolin at 500 ppmv K. However, at 50 ppmv K, which is close to the level in full-scale 
wood suspension-fired boilers, CK of kaolin and coal fly ash was similar. The AMVCFA0-32 
coal ash with a lower melting point and high Si content captured more KCl than 
ASV2CFA0-32, probably because the internal diffusion of KCl inside the AMV coal ash 
particles was enhanced by the melting of the coal ash particles, and the high Si content 
facilitated the formation of leucite (KAlSi2O6). 
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Implications and Recommendations  
Regarding Use Additives in PF-Boilers 
 
7 Implications and Recommendations Regarding Use Additives in PF-Boilers 
Kaolin and coal fly ash can be applied as K-capture additives in PF-boilers (pulverized fuel 
fired boilers). Kaolin is the most effective additive for alkali capture, while coal fly ash is the 
only additive which has been commercially utilized in full-scale biomass fired PF-boilers. 
Quantitative study on K-capture by kaolin and coal fly ash was conducted through 
entrained flow reactor experiments and chemical equilibrium calculations.  
Results of the reaction between KOH/KCl and kaolin at different K-concentration showed 
that the K-capture level (CK) of kaolin increased significantly when K concentration 
increased from 50 to 500 ppmv (molar K/(Al+Si) ratio in reactants increased from 0.048 to 
0.481). However, no obvious increase of CK was obtained when K-concentration increased 
further to 750 ppmv and 1000 ppmv. Similar trend was observed for the reaction between 
KOH/KCl and coal fly ash.  The difference between kaolin and coal fly ash is that, at 250 
ppmv K and above, the CK of coal fly ash was considerably lower than that of kaolin. The 
smaller BET surface area, larger particle size and the less reactive mullite of coal fly ash 
probably contributed to this. A full conversion of kaolin to K-aluminosilicate was obtained 
in the K-capture reaction (residence time is 1.2 s, kaolin particle size D50 = 5.47 μm). In the 
case of coal fly ash, only part of the coal fly ash participated the K-capture reaction.  
The trend of CK for KOH, K2CO3, KCl and K2SO4 capture as a function of temperature by 
kaolin were similar. CK firstly increased and then decreased in the studied temperature 
range (800-1450 °C), reaching a peak at 1300 °C. The trend of CK of the four K-specie 
capture by coal fly ash was different from that of kaolin. It increased with temperature in the 
whole temperature range (800-1450 °C). The increasing of CK at 1300-1450 °C of coal fly ash 
was probably because of an enhanced internal diffusion of K in melted coal fly ash particles 
at high temperature.  
Generally, KCl and K2SO4 were captured by kaolin and coal fly ash less effectively than KOH 
and K2CO3. One reason is that leucite (KAlSi2O6) was formed instead of kaliophilite 
(KAlSiO4) as the main product in KCl/K2SO4 – kaolin/coal fly ash reaction. More Si was 
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consumed when capturing the same amount of K. Based on the results from this study and 
the open literature, some recommendations and guidelines for optimal utilization of kaolin 
and coal fly ash to capture alkali species in PF-boilers are provided. 
Influence of additive type 
Laboratory entrained flow reactor studies show that, at 500 ppmv (Figure 7-1 (A)), kaolin 
can capture more than 0.2 g K/(g additive) at 900-1450 °C, if K exists in the form of KOH. 
Coal fly ash has also shown to be an efficient additive, however, with a lower capacity than 
kaolin. ASV2CFA0-32 coal fly ash can capture up to 0.1 g K/(g additive) at 1450 °C. The 
AMVCFA0-32 coal fly ash with lower melting point and higher Si concentration captures 
more K (0.15 g K/(g additive)). At 50 ppmv (Figure 7-1 (A)), which is comparable to the K-
concentration in wood-fired full-scale boilers,200 the K-capture level of kaolin and coal fly 
ash was similar, about 0.02 g K/(g additive). CK was independent of reaction temperature at 
50 ppmv KOH. The composition of coal fly ash has a significant influence on its K-capture 
capability. Bituminous coal ash rich in Al and Si usually can capture K-species more 
effectively than lignite coal ashes, which are rich in Ca and Mg.93    
  
(A) CK at 500 ppmv KOH 
 
(B) CK at 50 ppmv KOH 
Figure 7-1. K-capture level of kaolin, mullite, and coal fly ash. (A) 500 ppmv KOH, molar 
K/(Al+Si) ratio of 0.481 (B) 50 ppmv KOH, molar K/(Al+Si) ratio of 0.048. Gas residence 
time was 1.2 s. 
Influence of fuel type 
Typically, wood pellet fuels contain 0.1 wt. % (dry basis) K and for herbaceous materials as 
straw, this value is typically 1.0 wt. % (dry basis). This means that the amount of additive 
needed to make the biomass ash manageable, is much higher for straw, than for wood. 
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Assuming ideal conditions, with respect to additive particle size, local temperatures, and, 
full mixing of fuel and additive, a binding capacity of 0.02 g K/(g additive)(coal fly ash) 
could be achieved. The boiler shall be supplied with a minimum of 50 g coal fly ash, per kg 
wood fuel, corresponding to a mass input of 5 wt. % coal fly ash compared to the dry fuel 
input. With this dosage, around 97 % K could be removed from flue gas at 1100 °C and 
above (Figure 5-4 (D)). Since straw have a factor 10 times higher alkali content, a 10 times 
higher additive input will be needed. However, such a high additive consumption seems to 
be economical prohibitive, and to the authors knowledge no straw fired boilers use 
presently additives to prevent alkali metal induced problems. In addition, when firing 
biomass containing Cl or S, more additives should be added since kaolin and coal fly ash 
capture KCl and K2SO4 less effectively than KOH and K2CO3. When biomass containing Cl 
was fired, coal fly ash with a higher molar ratio of Si/Al is preferred because KAlSi2O6 (Si:Al 
= 2:1) was formed as the main K-aluminosilicate. 
Influence of Temperature  
The entrained flow reactor results revealed that the temperature that the additives 
experience has a significant influence on the K-capture capability. To obtain an optimal K-
capture behavior, an appropriate injection temperature window should be selected. In the 
case of utilizing coal fly ash for K-capture, the highest K-capture level was observed at 1300 
and 1450 °C, probably due to the melting of coal ash particles and a consequent enhanced 
internal K diffusion at high temperature. 
When using kaolin for K-capture, the optimal temperature different from that of coal fly 
ash. Metakaolin is more reactive towards potassium than mullite. Consequently, a 
temperature window where more metakaolin and less mullite are formed, is preferred. 
According to the experimental results, in the KOH-kaolin system, 1100-1300 °C is the 
optimal temperature. For KCl-kaolin, 900-1300 °C is the optimal temperature.  
Influence of additive particle size  
The experimental results of KOH capture by coal fly ash in the entrained flow reactor (EFR) 
(residence time was 1.2 s) have shown that at 900-1300 °C, the fine fraction of the coal fly 
ash (D50 = 10.20 μm) had a higher K-capture level (0.06 g K/(g additive)) than the coarse 
fraction (D50 = 33.70 μm) (0.04 g K/(g additive)). Grinding the fine fraction to even finer 
(D50 = 6.03 μm) alleviated the K-capture level further to 0.09 g K/(g additive). The results 
indicate that a mean size of below 10 µm is advantageous, and that with the short residence 
times available in PF boilers, coal fly ash with a size above 50 µm shall not be applied. 
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Dosage methods 
Additives can be introduced into boilers in different ways and at different positions. They 
can be directly fed into the boiler chamber above burners through separate nozzles, or they 
can be premixed with fuels before feeding into the boiler. The injection place influences not 
only the temperature profile that the additives experiences but also the mixing behavior of 
additives and fuels. To obtain a complete mixing with the fuel, premixing of the additive 
with the fuel before entering the boiler seems to be advantageous.  
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8 Conclusions and Suggestions for Future Work 
8.1 Main conclusions 
The potassium capture reaction using kaolin and coal fly ash was investigated in this work 
through EFR experiments and equilibrium calculations. The influence of local parameters, 
including K-concentration (50-1000 ppmv), K/(Al+Si) molar ratio (0.048-0.961), reaction 
temperature (800-1450 °C), gas residence time (0.6-1.9 s), additives particle size as well as 
the type of K-species (KOH, KCl, K2CO3, K2SO4) on the reaction was studied. The results 
revealed that kaolin and coal fly ash can capture gaseous K-species effectively under 
suspension-fired conditions.  
For all the four studied K-species, KOH, KCl, K2CO3 and K2SO4, at 1100 and 1300  °C, the K-
capture level (CK) increased significantly when the K-concentration increased from 50 ppmv 
to 500 ppmv (molar ratio of K/(Al+Si) varied from 0.048 to 0.961). For KOH and K2CO3, A 
K-capture level higher than 0.2 g K/(g additive) was achieved at 500 ppmv K. For KCl and 
K2SO4, a CK around 0.1 K/(g additive) was obtained. However, when the K-concentration 
increased further to 750 ppmv and 1000 ppmv (molar K/(Al+Si) in reactants increased to 
0.721 and 0.961), no obvious increase of CK was obtained. The possible reason is that the 
reactive compound in kaolin has been completely consumed, leaving the increased K-salts 
not to be captured. The experimental CK and XK (K-capture fraction) closely followed the 
equilibrium level for KOH, K2CO3 and KCl, but, for K2SO4, the experimental data was 
obviously lower compared to equilibrium data. Similar results were observed in the 
experiments using coal fly ash. Nevertheless, the CK (0.05 g K/(g additive)) of coal fly ash  at 
500 ppmv K was considerably lower than that of kaolin (0.2 g K/(g additive)) at the same 
conditions. At 50 ppmv K, which is close to the conditions prevailing in practical wood 
suspension-fired boilers, the difference between kaolin and coal fly ash was insignificant. 
Temperature influenced the CK of kaolin, mullite and coal fly ash as well. At 500 ppmv K, 
when temperature increased from 800 to 1450 °C, CK of kaolin firstly increased and then 
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decreased, reaching peak at 1300 °C (0.24 g K/(g additive)). For KOH, KCl and K2CO3, the 
CK and XK of kaolin generally followed the equilibrium predictions and obtained a full 
conversion, at 1100 °C and above (kaolin particle size D50 = 5.47 μm, gas residence time was 
1.2 s). For K2SO4, the measured CK was lower than the equilibrium predictions. The reason is 
that kaliophilite (KAlSiO4) was predicted by the global equilibrium calculations in the 
K2SO4-kaolin reaction, but leucite (KAlSi2O6) was actually detected by XRD. Compared to 
the results of kaolin, the CK of mullite and coal fly ash was as low as 0.08 g K/(g additive) at 
900 and 1100 °C, but it increased with temperature and reached maximum at 1450 °C. CK of 
mullite (0.15 g K/(g additive)) at 1450 °C was only slightly lower than that of kaolin (0.19 g 
K/(g additive)). Additionally, crystalline kaliophilite (KAlSiO4) or leucite (KAlSi2O6) were 
detected in the 1300 °C and 1450 °C samples, while amorphous K-aluminosilicate was 
formed at lower temperatures. Comparison of CK of different coal fly ashes showed that Al-
Si rich coal fly ash with a relatively lower melting point is favorable for K-capture reaction. 
At 1450 °C, a potassium capture level of 0.07 g K/(g additive) was achieved using 
AMVCFA0-32, while it was 0.05 g K/(g additive) for ASV2CFA0-32 which has a higher 
melting point. Especially, coal fly ash with a higher Si content is preferred for K-capture 
when burning Cl-rich fuels.  
Results of K-capture by kaolin and coal fly ash of different particle sizes showed that. At 
1300 °C, fine kaolin (D50 = 3.51 μm) and normal kaolin (D50 = 5.47 μm) captured similar 
amount of potassium, higher than 0.24 g K/(g additive), while a lower CK of about 0.20 g 
K/(g additive) was observed for coarse kaolin (D50 = 13.48 μm). Results of KOH capture by 
coal fly ash of different particle sizes showed that the fine coal fly ash fraction with D50 of 
10.20 μm has a higher K-capture capability (0.07 g K/(g additive)) than that of the coarse 
fraction with D50 of 33.70 μm (0.05 g K/(g additive)). The grinded coal fly ash (D50 = 3.51 
μm) has an even higher K-capture level. 
Results of KOH-capture by kaolin at different residence time revealed that the KOH-kaolin 
reaction reached equilibrium at 1300 and 1450 °C, with a gas residence time of 1.2 s and a 
kaolin particle size of D50 = 5.47 μm. However, at 800 °C, it was obviously below the 
equilibrium value even with a longer residence time of 1.9 s, showing that the reaction was 
more kinetically or diffusion controlled at 800 °C. Similar results were observed for KCl 
capture by kaolin. 
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8.2 Suggestions for future work 
The reaction of gaseous K-species with kaolin and coal fly ash under well-controlled 
suspension fired conditions has been quantitatively investigated. A general understanding of 
the influence of local parameters on the reaction was obtained. However, some further work 
could be done to improve the knowledge, and aim to get an optimal result using Al-Si-based 
additives to capture K-species in biomass combustion. A few suggestions which may aid 
future study in this area are listed below: 
 Additional study on K-capture under real biomass combustion conditions 
All the experiments in this work were performed using pure chemicals, such as KOH, 
KCl, K2CO3 and K2SO4, in order to get well-controlled conditions. Alkali specie in real 
biomass combustion could be a mixture of various K-salts, Na-salts as well as some 
heavy metal species. There could be competition between different species. 
Experiments using real biomass could provide better understanding of the practical 
process inside boilers. 
 Further study on the reaction using coal fly ash especially the internal diffusion. 
The results of K-capture by coal fly ash show that the reaction was influence by 
internal diffusion. Investigation of the diffusion process and impact of coal fly ash 
properties on the K-diffusion process and thereby the reaction could provide deeper 
understanding of the K-capture behavior of coal fly ash. 
 The developed method can also be used for studying other additives 
Except for kaolin and coal fly ash, other K-capture species like S-base additive, P-Ca 
based additives can also be experimentally studied using this setup. The equilibrium 
calculation method can also be utilized for the study of other K-capture species. 
 Influence of additive addition on deposit formation and aerosol formation 
A deposit probe could be employed in the EFR to study the effect of addition of 
kaolin and coal fly ash on the deposition formation behavior. The amount of aerosols 
formed could be measured using an impactor to study the influence additive addition 
on the aerosol formation.  
 Model could be developed basing on experimental data 
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Although the global equilibrium calculation can well-predict the K-capture reaction 
using kaolin at high temperature. The reaction at lower temperature and the K-
capture reaction using coal fly ash cannot be well predicted by the equilibrium 
calculation. A model developed basing on the experimental results could be helpful 
for biomass combustion industry.  
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Appendix A Development of liquid feeding system of the EFR 
Instead of feeding solid K-species directly into the reactor, K-species and additives, like 
kaolin, mullite and coal fly ash, were mixed with deionized water, to make a homogeneous 
slurry. The slurry was subsequently fed into the reactor through a liquid feeding system. The 
development of the liquid feeding system as well as commissioning this system was 
summarized in this appendix.  
 
Figure A-1. Water cooling slurry-feeding probe in the EFR. 
The inner structure of the EFR is shown in Figure A-1. There are two heating elements in the 
EFR preheater for preheating secondary gas. As shown in Figure A-1, the tip of the feeding 
probe is consequently exposed to high temperature flue gas, and the salt and additives from 
feeding slurry may deposit gradually on the tip of the feeding probe forming plug (Figure A-
2) and finally causing ineffective atomizing of the solution or slurry as well as feeding 
instability. Another reason contributing to the instability of feeding rate is that the additives 
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(kaolin and coal fly ash) may deposit inside the tube connecting the peristaltic pump and 
the slurry-feeding probe. 
 
Figure A-2. Plugging of feeding probe after feeding KCl solution for about 22 min. 
To solve the instability of the feeding rate, two methods were employed: 
 Adjust the position of the slurry-feeding probe. The original position of the feeding 
probe was shown in Figure A-1. As the purple letter “L” shown, the distance from the 
tip of the feeding probe to the water cooling jacket is 35 mm. In the following tests, 
the position parameter was changed to see its influence on the feeding stability. 
When the tip of the feeding probe is higher than the tip of the water cooling jacket, 
the “L” has a minus value, for example in Test 2 as shown below. 
 Changing the tube connecting the peristaltic pump and the feeding probe with a 
thinner one (Figure A-3). At the same feeding rate, in thinner tube the flow rate of 
slurry is higher, which can significantly reduce the deposition of solid additives.  
 
Figure A-3. Tube connecting peristaltic pump and feeding probe (changed before and after). 
Feeding rate stability tests were carried out at 1300 °C with preheater zone A at 800 °C and 
zone B at 1100 °C. 5 wt. % ethanol aqueous solution, 5 wt. % KCl + 5 wt. % ethanol aqueous 
Before
After
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solution and 10 wt. % kaolin + 5 wt. % KCl + 5 wt. % ethanol aqueous slurry were fed 
separately during tests.  
Test 1: Original position (L = 35 mm), thick tube 
KCl solution was utilized in this test. The figure below shows the CO2 concentration 
recorded when feeding KCl solution into the EFR. As can be seen, the CO2 concentration 
fluctuated significantly, from 1000 ppmv to 5800 ppmv. In this situation, the concentration 
of KCl vapor varied a lot, and the samples cannot be used to study the influence of KCl 
concentration on the KCl capture reaction. 
 
Figure A-4. CO2 concentration during Test 1(L = 35 mm, thick tube). 
Test 2:  Feeding probe moved up (L = - 15 mm), thick tube 
In Test 2, the feeding probe was move up by 5 cm to avoid the direct exposure to the high 
temperature flue gas (L = -15 mm). The test included four stages as shown in Figure A-5. In 
stage 1, 5 wt. % ethanol aqueous solution was fed into the reactor. In this stage, slight and 
periodical fluctuation of CO2 concentration was observed. The fluctuation is due to 
periodical movement of two wipers of the peristaltic pump as shown in Figure A-6.  
In stage 2, feeding of ethanol solution was stopped and the CO2 concentration dropped 
immediately. In stage 3, KCl solution was pumped into the reactor and the residual ethanol 
solution was flushed out of the probe. So in stage 3 KCl-solution had not been fed into the 
reactor. The CO2 concentration remained steady at the same level as in stage 2. In stage 4, 
KCl solution was fed into the reactor. The CO2 concentration measured began to fluctuate 
and as time passed by, the fluctuation range increased significantly from less than 40 ppmv 
to more than 500 ppmv.  
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Comparing to Test 1, the feeding stability in test 2 had been improved significantly but still 
not satisfied. In this test the value of L is minus meaning the feeding probe is in the water-
cooling jacket, which could result of deposit formation at the out let of the water jacket. In 
the following test the probe was move out the water-cooling jacket and keep L ≥ 0. 
 
 
Figure A-5. CO2 concentration during Test 2 (L = -15 mm, thick tube). 
 
Figure A-6. Structure of peristaltic pump. 
Test 3. Feeding probe moved up (L=25 mm), thick tube 
In Test 3 the slurry-feeding probe is moved up from the original position by 10 mm (L = 25 
mm). KCl solution without kaolin or coal fly ash was fed into the EFR in this test. As shown 
in Figure A-7, comparing to Test 2, the CO2 concentration fluctuation can stay in an 
acceptable range for a certain period, approximately 12 mins. 
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Figure A-7. CO2 concentration during Test 3 (L = 25 mm), thick tube. 
Test 4: Feeding probe moved up (L=25 mm), thin tube 
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Figure A-8. CO2 concentration during Test 4 (L = 25mm), thinner tube. 
 
Figure A-9. No clog was observed at the outlet of feeding probe used in Test 4. 
In this test, the feeding probe was moved up from the original position by 10 mm (L = 25 
mm), and the tube connecting the peristaltic pump and the feeding probe was changed to a 
thin tube with inner diameter of about 1 mm. Kaolin slurry consisted of 10 wt. % kaolin, 5 
wt. % KCl, 5 wt. % ethanol and 80 wt. % water was utilized in this test. The results show 
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that the feeding stability was considerably improved. At the end of the test, the feeding 
probe was taken out and examined. As show in Figure A-9, no clog was formed at the outlet 
of the feeding probe.   
Test 5: Repeat Test 4 (at gage pressure of 1-3 mbar). 
In this test the pressure of the EFR is kept slightly higher than the atmospheric pressure (1-3 
mbar) to check the carbon balance of the system. Other parameters of Test 5 were the same 
as Test 4. As shown in Figure A-10 no obvious fluctuation is observed during the test. 
During the ethanol feeding period, CO2 concentration was calculated to be 1801 ppmv, while 
the average of measured CO2 concentration was 1770 ppmv, which was 1.67 % lower than 
the calculated number. During kaolin slurry feeding, CO2 concentration was calculated to 
be 1957 ppmv, while the average of the measured CO2 concentration was 1913 ppmv, which 
was 2.2 % lower than the calculated value. The results show that the measured CO2 
concentrations generally agreed with the calculated numbers, indicating an acceptable 
carbon balance during the EFR experiments. 
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Figure A-10. CO2 concentration during Test 5. 
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Appendix B Quantification method of experimental XK and CK 
Two parameters were defined to quantify the amount of potassium captured by solid 
additives (kaolin, mullite and coal fly ash): the K-conversion (XK), and the K-capture level 
(CK). XK is the percentage (%) of input K-salts chemically captured by solid additives 
forming water-insoluble K-aluminosilicate. CK is the mass of potassium captured by 1 g of 
solid additive (g K/(g additive)). 
 
Figure B-1. Potassium transformations in the K-capture reaction. 
The transformation of potassium in the reaction system is illustrated in Figure B-1. The 
water-insoluble K in the products originated from two different sources: Part C was formed 
from the reaction between K-salts and solid additives, while part D in reactants was from 
the solid additives. The reacted solid samples collected from the Entrained Flow Reactor 
(EFR) experiments were subjected to ICP-OES analysis. The concentration of water soluble 
potassium (part B) and total potassium (part B+C+D) were analyzed. The concentration of 
water-insoluble potassium (C+D) was calculated consequently. However, part C and D need 
to be calculated based on the composition of the reactants and the products. The calculation 
was based on the following assumptions:  
The solid samples collected are representative, i.e., the samples collected and those not 
collected has the same constituents (the molar ratio of K/(Al+Si) in reactants and in 
products are almost identical, implying the collected products were representative); 
Potassium that exists in solid feed additives are water-insoluble (Concentration in kaolin is 
low and it mainly stays in the form of K-aluminosilicates which is water-insoluble); 
The K-conversion (XK) was calculated according to Equation B-1. 
Unreacted 
K (Soluble)
Water-insoluble K from
K-capture reaction
Water-insoluble K 
from additives
CB
A
D
Water-soluble K from K-salt
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D
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𝑋𝐾 =
𝐶
𝐴
=
𝐴 − 𝐵
𝐴
=  
𝐴
𝐴 + 𝐷 −
𝐵
𝐴 + 𝐷
𝐴
𝐴 + 𝐷
= 
𝑌𝐹 − 𝑌𝑃
𝑌𝐹
× 100% (B-1) 
Where YF and YP are the molar ratio of water soluble K to total K in fed reactants and 
collected products respectively. YF was calculated based on the constituents of slurry and 
potassium concentration in utilized additives, while YP was calculated based on the ICP-OES 
result of collected solid samples. 
The K-capture level (CK) was calculated according to Equation B-2. 
C𝐾 =
𝑛𝐾−𝑠𝑎𝑙𝑡 𝑀𝐾𝑋𝐾
𝑚𝑎𝑑.
 (B-2) 
Where 𝑛𝐾−𝑠𝑎𝑙𝑡 is the molar amount of K-salt in reactants (mol). MK is the molar mass of 
potassium (g/mol). XK was the K-conversion (%); mad is the mass of additives (kaolin or 
mullite) in reactants (g). 
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Appendix C Equilibrium calculation of K-capture by kaolin 
To provide a theoretical analysis of the experimental results, global equilibrium calculations 
were carried out. The comparison of the results from equilibrium calculations and 
experiments may shed light upon how far the EFR reaction system is from equilibrium and 
provide information for understanding the EFR experimental results. 
 The global equilibrium calculation was performed using the Equilibrium module of the 
thermochemical software FactSage 7.0. The Equilibrium module is the Gibbs energy 
minimization work horse of FactSage. It can calculate the concentration of different 
chemical species when specified elements or compounds react or partially react and reach a 
state of chemical equilibrium.149, 150 In this study the databases of FactPS, FToxid, FTsalt and 
FTpulp were employed for the calculation. FactPS is the data base for pure substance, and it 
contains data for over 4777 compounds. FToxid is the oxide database for slags, glasses, 
minerals, ceramics and refractories, etc. FTsalt data base is the salt date base, which 
contains data for pure salt and salt solutions formed among various combinations of 20 
common cations. FTpulp is the pulp and paper database, which contains data for the pulp 
and paper industry and data on corrosion and combustion in recovery boilers.149 In the 
calculations, slag options in solution phases were not checked. Therefore no slag was 
included in the calculation. 
Equilibrium calculations were conducted at 50, 250, 500, 750, and 1000 ppmv K in the flue 
gas. Molar K/(Al+Si) ratio in reactants varied from 0.048 to 0.961 correspondingly. The 
reaction temperature was changed from 500 °C to 1800 °C. Similar to the experimental 
results, the equilibrium K-conversion (XKeq.) and equilibrium K-capture level (CKeq.) were 
calculated basing on the equilibrium calculation data. Additionally, the equilibrium Al-
conversion (XAleq.) and equilibrium Si-conversion (XAleq.) were calculated as well.  
The K-containing products in the equilibrium calculations were categorized into two 
groups: K-aluminosilicates and other K-containing compounds. The total molar amount of 
K, Al and Si in the equilibrium calculation system was nKt, nAlt and nSit, respectively. The 
molar amount of K, Al and Si in K-aluminosilicate products was nKals, nAlals and nSials, 
respectively. The mass of additives in the equilibrium calculation system was mad.eq. The 
equilibrium K-conversion (XKeq.), Al-conversion (XAleq.), Si-conversion (XSieq.) and 
equilibrium K-capture level (CKeq.) was calculated as shown in Equation (C-1), (C-2), (C-3) 
and (C-4).  
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𝑋𝐾𝑒𝑞. = 
𝑛𝐾𝑎𝑙𝑠
𝑛𝐾𝑡
 × 100 % (C-1) 
𝑋𝐴𝑙𝑒𝑞. = 
𝑛𝐴𝑙𝑎𝑙𝑠
𝑛𝐴𝑙𝑡
 × 100 % (C-2) 
𝑋𝑆𝑖𝑒𝑞. = 
𝑛𝑆𝑖𝑎𝑙𝑠
𝑛𝑆𝑖𝑡
 × 100 % (C-3) 
𝐶𝐾𝑒𝑞. =
𝑛𝐾𝑡𝑀𝐾𝑋𝐾𝑒𝑞.
𝑚𝑎𝑑.𝑒𝑞.
 (C-4) 
Where, 
XKeq., XAleq. and XSieq. - the equilibrium calculated K-conversion, Al-conversion 
and Si-conversion (%);  
CKeq. - the equilibrium calculated K-capture level; 
nKals, nAlals, nSials - the molar amount of K, Al and Si contained in the equilibrium 
calculated product K-aluminosilicates; 
nKt, nAlt and nSit - the total molar amount of K, Al and Si in the equilibrium 
calculation system; 
MK - the molar mass of K; 
mad.eq. - the mass of additives entered into the equilibrium calculation system; 
Equilibrium calculations were conducted at 50, 250, 500 and 1000 ppmv K in the flue gas. 
Molar K/(Al+Si) ratio in reactants varied from 0.048 to 0.961 correspondingly. The reaction 
temperature was changed from 500 °C to 1800 °C. The equilibrium calculation results of 
KOH, K2CO3, KCl and K2SO4 capture by kaolin are summarized in Figure C-1 to C-4. The 
primary Y-axis (left Y-axis) of each figure is the percentage of different K-containing 
compounds or the percentage of conversion of K, Al or Si to K-aluminosilicates. The 
secondary Y-axis (right Y-axis) is the K-capture level (CK - the mass of K captured by 1 g 
kaolin).  In all the figures, gaseous K-containing compounds are represented with non-filled 
markers; liquid compounds are represented with pattern filled markers; solid compounds 
are represented with solid filled markers. The percentage of K, Al and Si conversion and the 
K-capture level were represented with dash lines. 
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(A) 50 ppmv KOH, K/(Al+Si) =0.048 
 
(B) 250 ppmv KOH, K/(Al+Si) =0.240 
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(C) 500 ppmv KOH, K/(Al+Si) =0.481 
 
(D) 750 ppmv KOH, K/(Al+Si) =0.721 
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(E) 1000 ppmv KOH, K/(Al+Si) =0.961 
Figure C-1. Equilibrium calculation results of KOH capture by kaolin. 
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(A) 25 ppmv K2CO3, K/(Al+Si) = 0.048 
 
(B) 125 ppmv K2CO3, K/(Al+Si) = 0.240 
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(C) 250 ppmv K2CO3, K/(Al+Si) =0.481 
 
(D) 375 ppmv K2CO3, K/(Al+Si) =0.721 
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(E) 500 ppmv K2CO3, K/(Al+Si) =0.961 
Figure C-2. Equilibrium calculation results of K2CO3 capture by kaolin. 
 
(A) 50 ppmv KCl, K/(Al+Si) =0.048 
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(B) 250 ppmv KCl, K/(Al+Si) =0.240 
 
(C) 500 ppmv KCl, K/(Al+Si) =0.481 
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(D) 750 ppmv KCl, K/(Al+Si) =0.721 
 
(E) 1000 ppmv KCl, K/(Al+Si) =0.961 
Figure C-3. Equilibrium calculation results of KCl capture by kaolin. 
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(A) 25 ppmv K2SO4, K/(Al+Si) =0.048 
 
 
(B) 125 ppmv K2SO4, K/(Al+Si) =0.240 
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(C) 250 ppmv K2SO4, K/(Al+Si) =0.481 
 
 
(D) 375 ppmv K2SO4, K/(Al+Si) =0.721 
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(E) 500 ppmv K2SO4, K/(Al+Si) =0.961 
 
Figure C-4. Equilibrium calculation results of K2SO4 capture by kaolin. 
 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0
20
40
60
80
100
120
500 700 900 1100 1300 1500 1700
K
-c
ap
tu
re
 (
g 
K
/g
 a
d
d
it
iv
e)
K
 %
 o
r 
C
o
n
ve
rs
io
n
 (
%
)
Temperature /°C
K(g) KOH(g) K₂SO₄(l+s+g) KAlSiO₄(s)
KAlSi₂O₆(s) KAlSi₃O₈(s) K-conversion Al-conversion
Si-conversion K-capture
500 ppmv K₂SO₄,  K/(Al+Si) = 0.961
Potassium Capture by Kaolin and Coal Fly Ash        Ph.D. Thesis 
150 
Appendix D Equilibrium calculation of K-capture by coal fly ash 
The equilibrium calculation results of KOH, K2CO3, KCl and K2SO4 capture by ASV2CFA0-
32 (ASV2 coal fly ash 0-32 μm) at different temperature and different K-concentration are 
illustrated below. 
 
(A) 50 ppm KOH 
 
(B) 250 ppm KOH 
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(C) 500 ppm KOH 
 
(D) 750 ppm KOH 
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(E) 1000 ppm KOH 
Figure D-1. Equilibrium calculation results of KOH capture by ASV2CFA0-32. 
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(A) 50 ppmv KCl, K/(Al+Si) =0.048 
 
(B) 250 ppmv KCl, K/(Al+Si) =0.240 
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(C) 500 ppmv KCl, K/(Al+Si) =0.481 
 
(D) 750 ppmv KCl, K/(Al+Si) =0.721 
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(E) 1000 ppmv KCl, K/(Al+Si) =0.961 
Figure D-2. Equilibrium calculation results of KCl capture by ASV2CFA0-32. 
 
 
Figure D-3. Equilibrium calculation results of K2CO3 capture by ASV2CFA0-32. K2CO3 
concentration in flue gas was 250 ppmv (K-concentration in flue gas was 500 ppmv). 
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Figure D-4. Equilibrium calculation results of K2SO4 capture by ASV2CFA0-32. K2SO4 
concentration in flue gas was 250 ppmv (K-concentration in flue gas was 500 ppmv). 
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